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ABSTRACT 
 
 
 
Hierarchical porous structures have been paid much attention because they exhibit 
unique properties such as the high specific surface areas by meso-pores and fast 
transport by macro-pores. These features make the structures promising for 
applications in adsorption, catalysis, gas separation processes, medicine, 
environment, chemical and energy fields. An hierarchical porous structure of 
NiO/YSZ ( yttria stabilised zirconia) is ideal for fuel cells as multi-scale pores can 
simultaneously improve catalysis, mass diffusion and consequently electro-oxidation 
of the fuels. However, 90% of the NiO-YSZ pore area is still not effectively utilized. 
Additionally, the poor mechanical properties of the high-porosity NiO/YSZ materials 
limit their application.  
 
The work in this thesis developed an hierarchical porous NiO/YSZ with high 
mechanical performance using a novel process. This process fabricates initial 
scaffolds with a controllable porosity by enhancing the surface energy of poly methyl 
methacrylate (PMMA) for the assembly of NiO-YSZ/PMMA. It maintains the 
hierarchical porous structure using two-step sintering (TSS) to restrict the growth of 
nanoparticles, and improves the mechanical properties in combination with a 
bimodal distribution of NiO/YSZ nano-particles.  
 
The hierarchical porous scaffolds were achieved by enhancing the surface energy of 
the PMMA templates through surface modification and by using amino-terminated 
NiO-YSZ nano-particles. The enhancement in dispersive and specific surface energy 
of the treated PMMA, which is 1.5-2 times higher, contributes to the electrostatic 
interaction (coagulation, rearrangement and coalescence) of NiO-YSZ/PMMA. The 
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initial porosity of the scaffolds increased consistently with the PMMA fraction and 
was in good agreement with the theoretical prediction.  
 
The hierarchical porous structure of NiO-YSZ was maintained using TSS, even at a 
relatively high sintering temperature of 1250ºC and relative density of 92%. The 
porosity varied with the PMMA fraction ranging from 15 wt% to 35 wt%. With a 
PMMA fraction of 35 wt%, a nano-crystalline, well-ordered hierarchical porous 
structure was achieved by coagulation, particle-rearrangement and TSS for the 
suppression of grain growth. Thus, the hypothesis that the PMMA templates relate to 
the large pores and the NiO-YSZ size relates to the small pores was confirmed. 
 
Based on this developed process, the mechanical properties of the hierarchical 
porous NiO/YSZ were further improved by using a bimodal distribution of NiO-YSZ 
nano-particles (30 nm and 50 nm). For a fine-particle fraction (FPF) of 0.3, nano-
hardness was 88% greater, compared to using mono-modal NiO-YSZ particles. This 
is likely due to the maximum packing density in NiO-YSZ/PMMA, smallest grain 
size and lowest porosity of the final porous NiO/YSZ. The exponential relationship 
between the porosity and Young’s modulus was also confirmed. These structural 
factors varied with the fine-particle fraction. The effect of the structural and 
procedural parameters on the mechanical property are thus essential to hierarchical 
porous NiO-YSZ.  
 
With this processing concept, the hierarchical porous structure of NiO-YSZ was 
successfully fabricated and its mechanical properties were improved. This 
hierarchical porous structure can decrease the concentration resistance by providing 
more access for mass transport and accordingly enhance the power density of fuel 
cells. This process also gives more flexibility in controlling the porous structure by 
tailoring each procedure, and can be expanded into other materials in a wide range of 
areas, such as chemical catalysis, filtration and absorption/separation. 
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Chapter 1. Introduction  
 
 
  Research questions and significance  
“Space–the final frontier” [1]
This PhD thesis describes challenges in the area of porous materials, which aims to 
control the size, shape and uniformity of the porous structures. Significant 
advancements have been found to date in the fabrication of different kinds of porous 
structures for various materials. Their practical application has been broadened from 
catalysts and absorption/separation [2] to medical, environmental, chemical [3] and 
energy fields [4].
 
Hierarchical porous structures are of great interest because of their multi-scale pores: 
macro-pores (>50 nm), meso-pores (2-50 nm), and micro-pores (൑2 nm) [1, 5, 6], 
which can lead to fast transport and large specific surface areas [7]. Additionally, pore 
volume (porosity) and pore shape in hierarchies directly determine the properties of 
functional materials [1]. Networks, which comprise various classes of pores with 
characteristically different dimensions, are termed “hierarchical”. 
 
As a conventional anode material for fuel cell, NiO-YSZ has  the high electrical 
conductivity, high chemical activity, chemical compatibility and well-matched 
thermal expansion coefficients [8, 9]. NiO-YSZ with a hierarchical porous structure has 
been successfully fabricated. Such a structure can significantly improve the 
electro-oxidation of hydrogen/syngas [10-12]. However, because these structures are 
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traditionally designed for solid oxide fuel cells (SOFCs), the increase in power density 
is limited. The use of electrochemical reaction zones in a NiO-YSZ is therefore 
significantly inefficient. About 90% of the NiO-YSZ area is still vacant [13], although 
the added electronic and ionic conductors can lead to 5-10% growth of reaction zones. 
The characteristics of hierarchical porous NiO-YSZ depend strongly on processing 
routines used for their preparation [14]. The processing routines leading to hierarchical 
porous structures at high temperatures include freeze casting, wet impregnation, 
hard/soft templating, self-formation and partial sintering. Although freeze casting has 
relatively low tortuosity, the degree of pore alignment is limited by the dendrite growth 
[15]. Jiang et al. [16-19] investigated wet impregnation approach, suggesting that the 
long-term stability is an issue because the tendency for grain growth would be high 
due to the fine impregnated phases. The meso-porous structures are generally 
synthesized by using soft templates such as tri-block copolymer Pluronic F127 and 
P123 [20, 21]. At higher sintering temperatures, such meso-porous structures may 
collapse due to densification and abnormal grain growth. These routines give the 
undesirable features to the hierarchical porous structure.
The combination of the hard template and self-formation approach can be an 
alternative approach. Some porous structures of different materials such as NiO-YSZ,
have been fabricated by self-formation (without template) [22-25], particularly with 
relatively high mechanical properties. Yang et al. [26] further demonstrated that these 
porous structures have limited macro-porosity because aggregation of powders lead to 
interstices. A hard template approach has been recommended to fabricate ceramic 
structures which had ordered and controlled macro-pores with low mechanical 
properties [3, 26-30]. These insights present a potential that hierarchical porous 
structures can be synthesized by combining the strategies of PMMA template and self-
formation, particularly with controlled porosities and improved mechanical properties.
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Therefore, an important problem arises as to how PMMA templates and NiO-YSZ
nano-particles are arranged to form initial pore scaffolds in the green NiO-
YSZ/PMMA composites before sintering. The electrostatic-interaction between the 
PMMA templating for macro-pores and self-formation of nano-particles for meso-
pores can achieve this and can: 
1. benefit the colloidal stability [31] and approach the theoretical porosity in 
NiO-YSZ/PMMA, 
2. enhance sintering behavior and retain the structural stability at higher 
temperatures [32], and
3. enhance the mechanical property [33, 34]
 
Using electrostatic interaction, Tang and Yoshio [35, 36] further developed the 
combined method of PMMA templates and self-formation from ceramic powders. 
They investigated yttria-stabilised-zirconia (YSZ), alumina (Al2O3) and titanium oxide 
(TiO2), indicating that this method could possibly be used with NiO-YSZ. However, 
the effect of synthetic process on the interconnected porous structure (e.g. NiO-
YSZ/PMMA composite assembly and sintering) is very limited.  
 
For the NiO-YSZ/PMMA composite assembly, the surface energy and surface 
chemistry of the materials are known to be essential to electrostatic interaction [37]. 
However, to our knowledge, the literature is still lacking on the characterization of the 
surface energy heterogeneity of PMMA [38], let alone the investigation into the 
surface energy heterogeneity of poly-methyl methacrylate (PMMA) on the pore 
scaffold in NiO-YSZ composites [38]. Additionally, the effect of distribution of 
particle sizes of NiO-YSZ/PMMA should be considered, which has an influence 
on the pore scaffolds. Specifically, the shell thickness dependence on 
coagulation time, concentration of suspension and aggregation is required. 
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Furthermore, the characteristics of hierarchical porous NiO-YSZ depend strongly on
the type of sintering process used for their preparation [14]. One of the main challenges 
faced during conventional sintering is to remain the hierarchical porous structure 
which relates to abnormal grain growth (fast grain growth, it is attributed to grain-
boundary immigration). Abnormal grain growth can complicate the investigation of 
hierarchical porous structure as in the sintering process the abnormal grain growth can 
produce pores as well. 
Abnormal grain growth can be suppressed by several approaches including liquid-
phase sintering, spark plasma sintering, electrical-field assisted and microwave 
sintering. Basu et al. [39] suggested that liquid-phase sintering leads to aggregation
although it can toughen brittle ceramics. Advanced sintering techniques such as spark 
plasma sintering, electrical-field assisted and microwave sintering aims to increase 
densification [40]. Though grain growth may be supressed by the addition of dopants, 
the formed insulating phase can cause a decrease in ionic conductivity. These features 
are not desirable to achieve interconnected porous structure. 
A cost-effective approach, two-step sintering (TSS), has been used to hinder abnormal 
grain growth [41-55], which would lead to better understanding of the porosity control 
and pore formation [56]. However, in the case of electrostatic interaction, few 
references have discussed the pore formation for the development of hierarchical 
porous structure during TSS. With a better understanding of pore formation, the 
designed porous structure can be retained even at high sintering temperature.
Because the mechanical properties for the porous structure, particularly with high 
porosity are low [57], improving its mechanical properties is then another challenge in 
this field. The dependence of elastic moduli on porosity has been investigated [58-65].
However, most investigations have focused on the porous structures with low 
porosities. A method, using the bimodal distribution of starting particles, has been 
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proposed for the enhancement of mechanical properties of the hierarchical porous 
structures. Although the bimodal distribution of ceramic particles at micro and nano 
levels has significantly improved the mechanical properties of NiO-YSZ [22, 25, 48, 
66, 67], the mechanism of this method is still ambiguous. For instance, one explanation 
is the increases in the packing density due to the addition of fine particles [68] while 
another explanation is the bimodal size of the sintered particles. Additionally, work on 
NiO-YSZ at nano level is very limited, in particular the effect of porosity and fine-
particle fraction (FPF) on mechanical properties. Furthermore, in the use of 
electrostatic interaction approach, no work mentioned mechanical properties [69].  
 
This project aims to develop a hierarchical porous structure of NiO-YSZ by using 
electrostatic interaction assembly of PMMA template and bimodal NiO-YSZ nano-
particles, followed by TSS. With a better understanding the mechanism of the 
electrostatic interaction assembly and TSS process, this work can open up a new way 
to develop porous structures. This work will lead to a better understanding of the 
formation and strengthening of hierarchical porous NiO-YSZ, which may help 
researchers develop such a porous structure, even for different materials. This porous 
structure has potential application in direct carbon fuel cells (DCFCs) and even for 
commercial development. 
 
  Research objectives 
The hypothesis here is that the macro-pores in NiO-YSZ are manipulated by changing 
the PMMA fraction while the meso-pores are manipulated by the size distribution of 
NiO-YSZ nano-particles. Both the electrostatic interaction between oppositely 
charged PMMA and NiO-YSZ particles, TSS and the bimodal distribution of NiO-
YSZ nano-particles can strengthen the porous structure. 
Objective 1: to develop a hierarchical porous NiO-YSZ using electrostatic 
interaction between opposite-charged PMMA templates and NiO-YSZ nano-
particles, followed by two-step sintering 
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An hierarchical porous structure of NiO-YSZ is fabricated by controlling the 
electrostatic-interaction process, cold-processing, and TSS program. The porous 
structures (porosity and crystal structure) of the hierarchical porous NiO-YSZ
arecharacterised by x-ray diffraction (XRD), scanning electron microscopy (SEM), 
and pyrometer testing. 
Objective 2: to further enhance the mechanical property of porous NiO-YSZ by 
using a bimodal distribution of NiO-YSZ nano-particles 
The influence of porosity on the mechanical properties of the hierarchical porous NiO-
YSZ is studied. The volume ratio effect of fine particles on mechanical properties is 
also discussed. The mechanical properties are determined by nano-hardness using the 
Oliver Pharr method. The bimodal distribution may also contribute greater porosity to 
the porous structures, which is compared with the samples prepared by the mono-
modal distribution of NiO-YSZ particles.  
 
  Scope of the thesis  
Chapter 1 Introduction  
This chapter outlines the research questions, defines specific research objectives, and 
provides an overview of the contents of the thesis. 
 
Chapter 2 Literature review 
This chapter evaluates the literature relating to hierarchical porous NiO-YSZ, 
including the following aspects: 1) the current state of application, material and 
requirements; 2) processing routes with emphasis on electrostatic interaction; 3) the 
role of surface energy for NiO-YSZ/PMMA assembly; 4) sintering process for pore 
maintenance by the suppression of abnormal grain growth; and 5) factors for 
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mechanical properties of the porous structures. Based on these evaluations, concluding 
remarks on the hierarchical porous NiO-YSZ are provided.
Chapter 3 Materials and methodology
This chapter introduces the materials used, the fabrication procedures, and 
characterization techniques used in this research. This chapter provides a detailed 
description of the experimental procedures, together with the theoretical background. 
It also describes characterisation of the porous structures of NiO-YSZ.
Chapter 4 Role of surface energy of PMMA templates in porous scaffolds in NiO-
YSZ/PMMA assembly
This chapter explores the control of the initial porosity in NiO-YSZ/PMMA assembly, 
based on electrostatic interaction approach, by enhancing the surface energy of PMMA 
to achieve coagulation and rearrangement of NiO-YSZ/PMMA. After the surface 
energy of modified PMMA templates is evaluated, the role of surface energy of 
PMMA in NiO-YSZ/PMMA assembly is examined. The influence of coagulation time 
on coating thickness, and the effect of PMMA: NiO-YSZ volume ratio on initial 
porosity are examined. The mechanisms of coagulation and rearrangement in NiO-
YSZ/PMMA are also studied, together with the nature of electrostatic interaction. 
Chapter 5 Formation of hierarchical porous NiO-YSZ based on two-step sintering
This chapter studies the maintenance of the NiO-YSZ hierarchical porous structure 
during TSS by controlling the sintering temperatures and abnormal grain growth. After 
investigating the sintering temperature influence on grain growth and porosity, the 
sintering temperatures for TSS are determined. The mechanism for suppression of 
abnormal grain growth is then proposed. Based on the analysis of hierarchical porous 
NiO-YSZ, the influence of PMMA: NiO-YSZ weight/volume ratio on porosity is 
examined. The mechanism for pore formation is also provided.
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Chapter 6 Improvement in mechanical properties by using bimodal NiO-YSZ nano-
particles
This chapter evaluates the impact of the fabrication procedures and bimodal 
distribution of NiO-YSZ nano-particles on the mechanical properties. After examining 
the structure and mechanical properties of the porous NiO-YSZ, this chapter studies 
the influence of porosity, grain/particle size and fine-particle fraction on the 
mechanical properties. The mechanism for improving mechanical properties is finally 
described.
Chapter 7 Conclusions and future research directions
This chapter concludes the procedures that govern the porous structure of NiO-YSZ.
An explanation of the formation of the porous structure, and of the improvement in 
mechanical properties of the hierarchically structured porous NiO-YSZ is offered. The 
recommendations relating to the limitations and potential applications are identified. 
This chapter concludes with a description of the way in which a porous NiO-YSZ is 
developed with enhanced mechanical properties. 
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Chapter 2. Literature Review 
 
 
 
This chapter will evaluate the key literature relating to hierarchical porous structures 
rather than an exhaustive review. The requirements of porous structures (focusing on 
porosity) are explored first. After processing routines being evaluated, use of the 
method of electrostatic interaction in assembling NiO-YSZ/PMMA (YSZ: yttria 
stablized zirconia, PMMA: polymethyl methacrylate) composites is examined, 
focusing on the influence of PMMA surface energy. The effect of two-step sintering 
(TSS) on grain growth, porosity, and pore evolution is reviewed. The effects of the 
bimodal nano-particles on mechanical properties, particularly hardness and elastic 
moduli, are investigated. The challenges of hierarchical porous structures of NiO-YSZ
are finally concluded.
 
 Hierarchical porous structure  
The hierarchical porous structure has been of high interest because it gives a high 
specific surface area and fast mass transport. As a conventional material for fuel cell 
anode, the hierarchical porous structure of NiO-YSZ is ideal for the electrochemical 
performance. However, this porous structure is still under development.
 
2.1.1. Applications of hierarchical porous structure 
The hierarchical porous structure (Figure 2.1) has been paid much attention because 
they exhibit unique properties such as the high specific surface areas by meso-pores 
and fast mass transport by macro-pores [29]. These features make the structures 
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promising for applications in adsorption, catalysis [2], gas separation processes [2], 
medicine, environment, chemical [3] and energy fields [4, 5]. 
 
 
Figure 2.1. An hierarchical porous structure at a: a) low magnification, and b) high 
magnification [74]  
 
In the fuel cell area, it has been found that hierarchical porous structures can 
significantly improve the electrochemical performance [70]. The reason may be 
because the hierarchical porous structure minimized losses attributable to electrode 
kinetics, and in some cases mass transport [71]. Particularly, porous materials have 
been widely used to solve a neck-bottle problem, the mass diffusion, to improve the 
performance of fuel cells [72]. As Chabi et al. [73] summarized, the hierarchical 
porous structure is ideal for energy storage areas such as fuel cell fields. 
 
However, such porous structures are still undergoing development. For instance, even 
conventional NiO-YSZ, 90% percentage is still not effectively utilized [75]. 
Meanwhile, the remaining of mechanical properties at high porosity is known to be 
another issue [76-83]. These requirements are not only to solid oxide fuel cell (SOFC) 
areas [84, 85], but also to solar cells [86, 87] and lithium batteries [88]. 
 
2.1.2. NiO-YSZ materials 
As a traditional oxygen-ion conductor, 8YSZ has a low activation energy of ~1.05 eV 
[89]DUHVLVWDQFHRIȍFP at 800ºC [90], and a higher hardness of ~13 GPa [89]. 
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With an addition of 50-60 vol% Ni, it presents a higher electrical conductivity [63,
91]. Because it is so stable in redox environment [90], yttria-stabilized zirconia (YSZ) 
has been widely used in SOFCs although compared with new materials it does not 
have a high conductivity [70]. It has been reported that, with YSZ at 800°C, a power 
density of ~2 W/cm2 has been achieved [90, 92] using thin YSZ with porous 
electrodes. The above characteristics of YSZ make them being of high interest [93].
The threshold fraction of NiO for retaining the electric conductivity, relates to the 
particle size of NiO-YSZ, and the size and volume ratio of PMMA. Some researchers 
(Chen and Lin [94], Zhu et al. [17], Chen et al.[95], and Hardjo et al. [96]) have studied 
the threshold according to the percolation theory in the use of the simulation method. 
Additionally, other research groups (Zhu et al. [97], Hua et al. [98], Kawashima and 
Hishinuma [99], Anselmi-Tamburini et al. [100], and Lee et al. [101]) have achieved 
appropriate conductivity when the volume ratio of NiO is greater than the threshold.
Figure 2.2. The percolation theory shows the critical volume ratio to maintain 
suitable conductivity a) disconnected larger clusters below percolation threshold, b) 
percolating and non-percolating clusters above percolation threshold [96]; and c) the 
electrical conductivity of a nickel/yttria-stabilised zirconia cermet anode as a 
function of nickel content [91]
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Nickel oxide/yttrium oxide stabilised zirconium oxide (NiO-YSZ) has been widely 
used in anodes of solid oxide fuel cells (SOFCs) [93, 102] due to its unique features, 
such as high electrical conductivity, high chemical activity, compatibility and thermal 
expansion coefficient [8, 9]. Marinšek et al. [103] described that the ideal 
microstructure should be composed of connected Ni-YSZ fine grains to increase 
reaction sites and to remain conductivity. Very recently, Hardjo et al. [96] investigated 
the fundamental mechanism for continuity using a modelling method, demonstrating 
that the critical volume must be greater than percolation threshold to achieve continuity 
using a modelling method (Figure 2.2).  
 
2.1.3. Hierarchical porous NiO-YSZ 
Macro-pores with a sufficient macro-porosity provide pathways for rapid 
transport [104, 105]. A fine microstructure with large specific surface areas is found 
to be desirable for catalysis according to the investigation by Gorte et al. [105]. Large 
specific surface areas need meso- (or micro-) pores. 
 
To meet the conflicting requirements, the functional layer and infiltrating approach 
has been applied [16, 22, 97, 106-112]. A functional layer is a NiO-YSZ interface (less 
than 10 μm) in which electrochemical reaction extends [105]. This was achieved by 
infiltrating (wet impregnation) porous YSZ with an aqueous solution of nickel nitrate, 
which resulted in the formation of a thin film comprised of interconnected NiO 
nanoparticles on YSZ matrix [105]. The thin film accelerates the nickel catalysis. 
 
Compared with a functional layer or infiltrating approach, the hierarchical porous 
structures may have a few advantages [113]. First, the supportive structures provide 
more reaction sites as the functional layer is very thin. Second, the infiltrated nano-
sized NiO exhibits long-term instability. Ultimately, the hierarchical porous structures 
have more interface/necking which is beneficial to mechanical properties [114]. 
 
In achieving a high electrochemical activity at low temperature [4], the hierarchical 
porous structures have attracted increasing attention [115], because pores provide a 
-12- 
Chapter 2  [Literature Review] 
greater access to and from the active reaction regions and accordingly reduce the 
polarization resistance of the anodes [75, 116-118]. An appropriate size of pores in 
anodes is crucial to achieve a rapid surface diffusion of fuels to the active reaction  
area [119, 120].  
 
2.1.4. Requirements on parameters 
Table 2.1 illustrates that the multi-scale porosity was often mixed while meso-porosity 
and macro-porosity have different effects on the properties of the structures. This may 
conflict the requirements of hierarchical porous structures. For instance, the suitable 
porosity for a redox stable anode is from 47%-52% [59, 85] and that for gas transport 
and mechanical strength is about 40-50% [121]. The others argued that optimum 
porosity for conductivity is about 40% [100, 122-124]. Although focused ion beam 
(FIB) or tomography have been applied to investigate the porous structure in 3D, most 
studies do not differentiate multi-scale porosity [125-131].  
 
Table 2.1. Current status of porous structures of NiO-YSZ or Ni-YSZ 
Materials Porosity (%) or pore size (μm)  Particle size (μm) Refs 
Ni-YSZ 54% <0.1 [11] 
Ni-YSZ 47% >0.5 [11] 
Ni-YSZ 37% >0.5 [11] 
Ni-YSZ (AFL) 1.1 μm and 0.3 μm 0.01, 0.34  [106] 
 
Hierarchical pores include at least two of the following: macro-pores (>50 nm), meso-
pores (2-50 nm), and micro-pores (൑2 nm) [1, 5, 6]. The porosity, volume ratio of 
macro-, meso- and micro- pores, is accordingly defined as macro-porosity, meso-
porosity and micro-porosity. It seems that the porosity is more important and hard to 
control, compared with pore size and tortuosity [1, 5, 6]. 
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 Processing routes for hierarchical porous structure 
The characteristics of the hierarchical porous structure depend strongly on the 
processing routes. Several routes such as wet impregnation, freeze casting, colloidal 
templates and self-formation, have shown some limitations for the property of the 
hierarchical porous structure. However, the combined approach of PMMA templates 
and self-formation based on electrostatic interaction may present some advantages of 
each routine, in part by which hierarchical porous structures have been achieved. 
 
2.2.1. Approaches leading to porous structures 
It has been demonstrated that the macro-pores are generally formed by removal of the 
colloid template [29, 132, 133]. Some new strategies were also introduced to fabricate 
hierarchical porous structures; for example wet impregnation, freeze casting and self-
formation [3, 26]. 
 
 
Figure 2.3. A comparison of approaches with different achieved porosity and pore 
size, reported in the literature [29] 
 
Table 2.2 shows that partial sintering and sacrificial fugitives are suitable for the pore 
size below 10 μm. However, sacrificial fugitives have low interconnectivity between 
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pores, which is not the target of this project. Figure 2.3 shows that sacrificial-
templating method is suitable for the pore size below 10 μm. Sacrificial-templating 
and partial sintering are thus ideal for pores below 10 μm. The bimodal porosity can 
be achieved by PMMA templates, interstices, colloidal processing and partial sintering,
freeze casting and wet impregnation, and spark plasma sintering (SPS) (Table 2.3). 
Meanwhile, the methods such as soft template cannot achieve bimodal porosity at a 
high temperature.
 
Table 2.2. Fabrication-routine investigation of porous ceramics [134-136] 
Routine  Pore size (μm) Porosity Advantages Disadvantages Refs 
Partial 
sintering 
2-5 times 
smaller <50% 
Simple, narrow size 
distribution limited pore size [135] 
Heat-
treating 
extrusion 
51-125 ~80% Aligned porous structures Large pores [136] 
Sacrificial 
fugitives 1-700 20-90 % 
Well-tuned shape and 
size 
Low 
interconnectivity 
between pores 
[134] 
Direct 
foaming 10-300 45-95% 
Highly porous 
closed/interconnected 
porosity 
High pore size [134] 
Replica 
templates 200-3000 40-95% 
Highly open pores and 
interconnected large 
pores 
High pore size, 
limited mechanical 
performance 
[134] 
 
2.2.2. Limitations of freeze casting and wet impregnation 
As a promising technique, freeze casting also results in tailored complex pores.  
Deville [137] summarized the principle mechanisms for the formation of porous 
structures by freeze casting. Li et al. [138] evaluated the critical factors including the 
effect of additives, freezing conditions, suspension solids loading and particle size on 
pore evolution. However, the degree of pore alignment is limited by the dendrite  
growth [15].  
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Table 2.3. Achieved porosity/pore size in the hierarchical porous structure by using
different routines 
Routine
Porosity (%)
Pore size (μm) Refs
Total macro meso micro
Partial 
sintering 56 33 23 10 and 0.18 [135]
SPS 52 22 30 7 [135]
SPS 55 - - - 10 and 0.18 [135]
Heat-treating 
extrusion * 85 - - - 51-125 [136]
Colloidal 
processing & 
partial sintering
18.3-46 Bimodal porosity 0.042 [139]
Wet 
impregnation - Bimodal porosity - [97]
Freeze casting 
(Ni-YSZ) - Bimodal porosity 30 and 0.5-0.7 [140]
Freeze casting 
(NiO-YSZ)
Radial 
porosity Bimodal porosity 10 and 0.3 [141]
PMMA 
template -
Bimodal 
porosity - 0.5-1.5 [75]
PMMA 
template -
Bimodal 
porosity - 0.35-0.45 [142]
Interstices by 
self-formation 25-60
Bimodal 
porosity 0.1-5
[4, 22-
25,
143]
Soft template 
(CTMABr) 39 - - 3.1 [26]
Wet impregnation, a conventional method for heterogeneous catalysts, has been 
applied on the NiO-YSZ by some researchers [17-19]. Using impregnation of nano-
crystalline NiO into YSZ scaffolds, higher porosities of about 60% have been achieved 
by Hua et al. [98] and Qiao et al. [101]. However, in the review by Jiang et al. [16],
the long-term stability of the impregnated NiO has been an issue as the tendency for 
grain growth would be high due to the fine impregnated NiO. Additionally, 
impregnation needs porous structures which are fabricated by other methods, such as 
the hard template approach [98, 144, 145].
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2.2.3. Combination of PMMA templates and self-formation based on 
electrostatic interaction 
PMMA templates for macro-pores 
It was demonstrated that PMMA is used as templates of macro-pores and hierarchical 
pores in comprehensive investigations [3, 26, 28-30] (Figure 2.4). Studart et al. [29] 
summarized the processing approaches to macro-porous ceramic. Colombo et al. [3] 
and Yang et al. [26] reviewed various approaches for the fabrication of hierarchical 
porous materials. Stein et al. [30] and Kubrin et al. [120] have reviewed the template 
approach for three-dimensionally ordered macro-porous (3DOM) structures. Also, 
Stein et al. [146] reviewed the strategies for the synthesis of macro-porous by template 
approach. Kulinowski et al. [144] concluded that highly ordered and interwoven 
macro-porous structures are synthesized from interwoven and highly ordered colloidal 
crystal templates. Ruiz-Morales et al. [28] pointed out that it is time-consuming, 
generally 2-3 days are required to fabricate porous structures. 
 
 
Figure 2.4. Schematic of hard-template routine with infiltration and the low 
sintering temperature using precursor solution, in the review by Petkovich and Stein
[145]. Using this routine, the mechanical properties of the achieved hierarchical 
porous structure were normally unmentioned although the porous structure are 
uniform.
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The standard packing lattices of PMMA templates are shown in Table 2.4.The close-
packed template arrays in three-dimensions can be the following: 1) hexagonal close-
packed planes (h.c.p.), 2) face-centered cubic (f.c.c.) and 3) square arrays, body 
centered cubic (b.c.c). The template technique comprises two systematic processes: 
the interstices in the template are filled with other materials [144] and the porous 
material is duplicated after template burnout/leachout. The size of the macro-pores is 
controlled by changing the template particles.
Table 2.4. The standard packing lattices of PMMA templates
Packing type Packing lattice of spheres
Cubic
Hexagonal
Rhombohedral
Orthorhombic
Tetragonal
Triclinic
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Self-formation of interstices for meso-pores 
The meso-porous structures are generally synthesised by using soft templates such as 
tri-block copolymer Pluronic F127 and P123 [20, 21]. The specific surface areas and 
pore sizes are respectively 90-146 m2/g and < 10 nm, while the meso-porous structures 
remain at the sintering temperatures of 500-600ºC. Mamak et al. [147] reported a meso 
porous structure which was stabilized at 800ºC. At higher sintering temperatures, such 
meso-porous structures may collapse.
By self-formation without a template, some porous structures of different materials 
such as NiO-YSZ, have been fabricated (Figure 2.5) [22-25]. Yang et al. [26] further 
demonstrated that aggregation of particles lead to interstices. The self-formation itself 
has a limitation on the porosity. Similarly, the PMMA templating itself normally 
achieves the low mechanical property without the addition of the binder.
Figure 2.5. The schematic porous structure by self-formation routine [23], with a 
limited porosity and high mechanical property 
-19-
Chapter 2  [Literature Review] 
Combined approach of PMMA templates and self-formation 
To overcome the limitation of PMMA templating and self-formation, their 
combination could be an alternation. PMMA can toughen the NiO-YSZ/PMMA 
assembly meanwhile the NiO-YSZ nano-particles can enhance mechanical properties 
[23]. These insights indicate that there is the potential for the synthesis of hierarchical 
porous structures by combining the strategies of PMMA template and self-formation.  
 
Electrostatic attraction is an effective way to form the primary ionic bonding between 
the NiO-YSZ particle and  PMMA template, the presence of which retains the 
structural stability at higher temperatures [32]. The bonding is also essential for 
densification of green composites before sintering as it is the driving force for 
conventional sintering at the initial sintering stage for neck formation. Enhancement 
of sintering behaviour is predicted because of the formation of ionic bonding by 
electrostatic attraction. For instance densification occurs at a reduced sintering 
temperature and duration, with some suppression of grain growth. 
 
Additionally, using electrostatic interaction can form a core-shell structure of NiO-
YSZ/PMMA [148]. Such a structure has been reported to benefit the colloidal stability 
[31] and can improve the mechanical strength [33, 34], brittleness and toughness of 
the inorganic particles [34].  
 
Using electrostatic interaction, the interconnected porous structures of YSZ, Al2O3 and 
TiO2, have been successfully achieved by using commercial PMMA templates and 
ceramic particles [35, 36]. This predicts the possibility of preparation of porous NiO-
YSZ using electrostatic interaction in combination with PMMA templates and 
NiO/YSZ particles. Kocjan and Shen [139] have fabricated a hierarchical porous 
structure of zirconia by employing a colloidal processing and partial sintering, 
indicating that porous structures of NiO-YSZ can be achieved using the procedures of 
electrostatic-interaction assembly and TSS.  
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Gain et al. [149] reported that the pore volume and shape of porous YSZ can be 
controlled by the volume fraction and size of PMMA. However, they have provided 
little information about how to assemble composites when using the electrostatic 
attraction approach. The question that arises is how PMMA templates and NiO-YSZ 
nano-particles are arranged to form initial pore scaffolds in the green NiO-
YSZ/PMMA composites before sintering (Green or initial refers to powder compacts 
and their properties before sintering [150]). 
 
 Electrostatic interaction for assembling 
Understanding the kinetics of electrostatic interaction is important to assemble NiO-
YSZ/PMMA because the initial porosity relates to the coagulation and arrangement 
process of PMMA templates and small NiO-YSZ particles.
2.3.1. Nature of electrostatic interaction 
 
Figure 2.6. Schematic mechanism of electrostatic interactions between oppositely 
charged PMMA and NiO-YSZ: a) Dispersed system (Repulsive forces), b)
Floccuation (weakly attractive forces), and c) Coagulation (strongly attractive 
forces)  
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Importance of PMMA surface energy
For particles with a diameter smaller than 100 μm [151], surface forces govern their 
assembly. As shown in Figure 2.6, attractive surface forces make them stick together 
while repulsive surface forces stabilize them; in-between the weakly attractive forces 
lead to loose flocs. 
The interaction between particles comprises of the Van der Waals forces and 
electrostatic repulsion, which are associated with the distance between colloidal 
particles. The repulsive forces can keep each particle discrete and prevent them from 
gathering; whereas the Van der Waals forces lead the particles stick together. The 
strongly and weakly Van der Waals forces can result in coagulation and flocculation, 
respectively.
The surface forces can be characterized by the energies and surface chemistry of 
materials such as PMMA and NiO-YSZ particles [37, 146, 152]. The surface energy 
distribution of charged PMMA, as distinct from the zeta potential, provides additional 
information to control the composite structure via coating/coagulation [37, 153].
Surface energy distribution is a clear representation of the absolute range of the energy 
heterogeneity. A heterogeneity profile essentially constitutes an energy “map” of the 
material surface. Such information allows a prediction of composite matrix.
However, to our best knowledge, the literature is still lacking on the characterization 
of the surface energy heterogeneity of poly-methyl methacrylate (PMMA) although it 
is significant for the electrostatic interactions (inter-particulate interactions) to form an 
initial pore scaffold in green NiO-YSZ composites [38].
Coagulation versus flocculation
The flocculation process has been employed to fabricate macro-porous Al2O3, TiO2
and yttria tetragonal zirconia (3Y-TZP) [35, 153, 154]. However, the mechanical 
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properties of these materials were unmentioned, which may be due to the weakly 
surface forces (Figure 2.6 a, b). 
Traditionally, binders (such as PVA) are used to connect PMMA templates and NiO-
YSZ particles [142]. Although the mechanical properties were improved consequently, 
the binders caused aggregation during sintering due to the strong complex by binders. 
Between the strongly binder complex and weakly attractive forces, strong attractive 
forces could be suitable, which leads to the coagulation process (Figure 2.6 c).
Additionally, the coagulation process can consequently favour the granule coalescence 
during cold pressing.
To obtain coagulation, it is necessary to create high surface energy by functionalizing 
PMMA and NiO-YSZ. The surface energy and density of charges on a colloidal sphere 
relates to different functional groups [152, 155]. Oncsik et al. [156] demonstrated that 
aggregation of polystyrene spheres with carboxyl surface groups is less than that with 
sulphate surface groups in the multivalent particles. PMMA has been carboxyl-
terminated by its hydrolysis process. The dispersant can improve dispersion of the 
green compacts, and consequently reduce aggregation during sintering. Xia et al. [155]
suggested that the surface functional groups also benefit arrangement of mono-
dispersed spheres. The proper surface modification has been found to lead to uniform 
shell coating with a narrow distribution [148].
NiO-YSZ shell thickness
Shell thickness and particle size distribution are important parameters in the 
NiO-YSZ/PMMA assembly because the specific surface area and the energy gap 
between the valence and conductance bands decreases with rising particle 
size [148, 157]. Jr. Walker et al. [42] reported the shell thickness also played an 
important role in the flexural strength of sintered Al2O3. Generally, structures with 
thicker coatings have relatively high mechanical properties. 
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Ghosh Chaudhuri et al. [148] suggested that the suspension concentration have an 
effect on the coating thickness. Normally, the shell thickness increases with rising 
reactant concentration. Meanwhile, a low reactant concentration is beneficial to a 
uniform coating.  
 
During hereto-aggregation, the fractional surface coverage was found to relate to 
particle size ratio and the optimum particle concentration range [158]. When the 
particle size ratio is about 0.02 – 0.03 or larger, optimum aggregation occurs at equal 
or less than a half surface coverage. Each aggregating particle can contact more than 
one large particle if the critical value of size ratio (0.155) exceeds.
 
Although the electrostatic attraction together with PMMA sphere templates has been 
used in the fabrication of interconnected porous structures of YSZ [149], Al2O3 and 
TiO2 [35, 36], to the best of our knowledge, there is little information on the 
characterization of the surface energy and its mechanism on interparticle attraction and 
repulsion which are essential in the formation of interconnected porous structures. 
Most research on the application of this method is for the materials consisting single 
component. When it is used for composites, one important issue raised is the control 
of the interaction of the templates with each component and the assemblies of those 
fine particles in the composites. 
 
2.3.2. Aggregation removal by cold pressing 
Pressing at an appropriate pressure overcomes agglomeration and hence narrows pore 
size distribution [159]. Uniform pore-size distribution hinders abnormal grain growth 
(fast grain growth, it is attributed to grain-boundary immigration and detailed in 
Section 2.4.1), during the initial and intermediate sintering stages and the mechanical 
properties of porous structures are thus improved. Pradhan, M., et al. [160] reported 
that the homogenous distribution improved mechanical properties of 3YSZ. 
 
Pradhan, M., et al. [160] have described that the removal of aggregation by 
centrifugation contributed to the uniform packing and consequently enhanced 
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sinterability. Centrifugal casting (coating) conducted by Liu, J. and S. A. Barnett [161]
achieved a high packing density under the conditions of 1500 rpm for 30 minutes using 
a centrifuge with 25 cm diameter. Although centrifugation has been identified as an 
effective method to coat a very thin film such as YSZ electrolyte, it is not suitable for 
supportively porous NiO-YSZ because of its low productivity and time-consuming for 
thick film [42].
Comparatively, uniaxial cold-pressing is a cost-effective, quickly-made, simple and 
repeatable method. It is therefore suitable for making a disc-shaped pellet [42, 93, 162-
164], rather than tape-casting, screen-printing or slurry-coating [164]. The thickness 
of prepared samples varies from a micrometre to a millimetre thick [9].
Table 2.5. Investigation of parameters in uniaxial cold-pressing and sintering 
Materials Uniaxial pressure (MPa) Refs
Polymeric organic complex 
solution (1–ȝP1L 100 [168]
YSZ (50-60, 120 nm) 7 [169]
YSZ (39/54/129 nm) 20-150 [167]
NiO-YSZ 62 [118]
*'&ȝP 7 and 100 [170]
GDC: gadolinium doped ceria; CIP: cold isothermal pressing; RD: relative density.
Uniaxial cold-pressing conducted on NiO-YSZ in some studies [49, 162, 163, 165-
167] are summarized in Table 2.5. [166], Ferkel and Gaudon et al. [165, 166], and 
Mazaheri et al. [49] have reported sintered density increases linearly with an increase 
in pressing pressure. Gibson et al. [167] plotted the compacting curve of 8YSZ, 
indicating that the green density increased with increasing pressing pressure in the 
range of 20-120 MPa. The pressure of uniaxial pressing in these studies are 200 MPa 
[162, 163], 150 MPa or 100 MPa [168], depending on the thickness of samples.
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Although it has been confirmed that the rearrangement by cold-pressing can contribute 
to mechanical properties of porous structure, its principal remains unclear. 
 
2.3.3. Theoretical initial porosity in green NiO-YSZ/PMMA 
The initial pore scaffolds comprise of PMMA templates and interstices by self-
formation of particles. As illustrated in Figure 2.7, this study mainly focus on the 
following two types: 1) mixture of PMMA with  mono-modal  distribution and 
ceramic particles with mono-modal distribution, and 2) mixture of PMMA with 
mono-modal distribution and ceramic particle with bi-modal distribution.
 
Figure 2.7. Concept of interstices in: (a) mono-modal NiO-YSZ nano-particles, (b) 
PMMA coated with mono-modal NiO-YSZ nano-particles, (c) PMMA coated with 
bimodal NiO-YSZ nano-particles. This indicates the components of green porosity: 
PMMA templates and interstices by self-formation 
 
The theoretical initial porosities of the PMMA templates, the combination of PMMA 
templates and mono-modal particles, and the combination of PMMA templates and 
bimodal particles are summarized in Tables 2.6- 2.8. These theoretical values
relate to the size and distribution of the particles on the assumption of tightly arranged 
NiO-YSZ particles. The tightly arranged particles can be achieved by using the 
coagulation and rearrangement processes [4, 22-25, 143].
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Table 2.6. The theoretical interstices of standard packing lattices in PMMA templates
Packing 
type
Random Cubic Hexa-
gonal
Rhombo
-hedral
Orthor-
hombic
Tetra-
gonal Triclinic
Interstice 
(vol%)
39.9 47.6 39.5 26.0 39.5 30.2 26.0
Table 2.7. Porosity prediction of mixture of mono-modal distribution of the NiO-YSZ 
nano-particles and mono-modal PMMA, the PMMA diameters in this work are 1.5 μm,
3.0 μm and 5.0 μm, respectively
Predicted green 
porosity 
(vol%)
Interstices 
(vol%)
Proposed PMMA 
fraction (vol%) Refs
61 22 50 [171]
78 45 50 [172]
67 33 50 [108
74 20 67 [173]
82 45 67 [173]
80 20 75 [173]
89 45 75 [173]
Table 2.8. Porosity prediction of tri-modal mixtures of the NiO-YSZ nano-particles 
(bimodal) and PMMA (mono-modal) [174]. The particle sizes of NiO-YSZ are 30 nm 
and 50 nm, respectively. The PMMA diameters in this work are 1.5 μm, 3.0 μm and 
5.0 μm, respectively.
Predicted green porosity 
(vol%)
Interstices
(vol%)
Proposed PMMA 
fraction
(vol%)
63 45 33 #
84 52 67
82 * 7.5 [175] 75
*: 80 vol% large NiO-YSZ; #: NiO: YSZ: PMMA = 33:33:33 vol%
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A bimodal distribution of the particle size also has the function of controlling macro- 
and meso- porosity [22-25]. In fact, the addition of small particles improves the 
packing density of the green composite because small starting particles fill the voids 
between large particles [143]. Interstices between particles do have an effect on the 
porosity (Table 2.6), which is determined, for round particles, by particle size and its 
distribution.  
 
However, to date, most of the work on bimodal mixtures of NiO-YSZ particles has 
focused on secondary controls on the porosity. Yoon et al. [22] worked on NiO-YSZ 
particles of size 300 nm and 10-30 nm [23, 24], 50-100 nm and 10-20 nm [22], and 
200 nm and 23 nm [25], respectively. The influence of the size ratio and weight ratio 
in bimodal distributions of NiO-YSZ particles does not yet appear to have been 
systematically studied.  
 
Additionally, the research to date has tended to focus on secondary controls on porosity 
by specifically sintering rather than initial control of porosity. As a result, the driving 
force for initial stage of sintering, bonding, has been paid little attention for its 
contribution to porosity and mechanical properties. 
 
 Sintering process 
After NiO-YSZ/PMMA assembling based on electrostatic interaction, maintaining the 
hierarchical porous structure during sintering is then another challenge for NiO-YSZ. 
To maintain the designed porous structure, it is necessary to understand pore formation 
and grain growth during TSS.  
 
2.4.1. Conventional sintering  
The initial driving force for sintering is not the fusion of materials or the interface 
energy, but the formation and development of bonds between particles. 
-28- 
Chapter 2 [Literature Review]
The literature suggests that the dynamic of sintering is the decreasing of surface energy at 
the interface, which is related to the starting particle size and specific surface 
energy [176]. 
 οܧ௦ = ߛ௦௩ ௠ܹܵ௣ = 6 × 10ଷ
ߛ௦௩ ௠ܹ
ߩ௧௛݀  (2.1) 
where Ȗsv is the surface energy of the gas–solid interface (J mí2), Wm is the molecular 
weight (g molí1), Sp is the specific surface area (m2 gí1), ȡth is the theoretical density 
of the green composite (g cmí3), and d is the particle diameter. 
 
According to the equation above, densification can be improved by a decrease in 
starting the particle size and an increase in the specific surface energy. Nano-particles 
with high specific surface areas appear to be appropriate for sintering due to their 
high driving force. The activation energy of sintering is reduced and a lower temperature 
of sintering can be employed. If the sintering temperatures for NiO-YSZ densification 
are lowered, fine oxide mixtures can be maintained in sintered structures [103]. The 
supportive NiO-YSZ anode normally is second-sintered together with the YSZ 
electrolyte followed by further sintering with the electrolyte and cathode at high 
temperature. Ruiz-Morales et al. [84] argued that “the significant decrease in specific 
surface area” was caused by agglomeration during high temperature sintering. In this 
regard, more attention should be paid to investigate consolidation of the nano-particles 
at low sintering temperatures.
 
Nano-particles also promote abnormal grain growth which is undesired because it 
degrades the properties of YSZ structures [4]. Several studies have found the abnormal 
grain growth at high sintering temperatures [97, 177-181]. However, in the studies [35, 
36, 153] of the electrostatic attraction approach to fabricate porous structures, little 
account has been taken of grain growth. This may be due to the relatively low sintering 
temperature (500-800ºC) which hindered the abnormal grain growth. Nevertheless, in 
the case of high sintering temperature, it is essential to control the abnormal grain 
growth during the sintering process.  
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2.4.2. Two-step sintering  
There are several approaches to suppress the grain growth. Though the particle 
agglomeration can be reduced by the addition of dopants, the formed insulating phase 
may cause a decrease in ionic conductivity. Basu et al. [39] suggested that liquid-phase 
sintering leads to abnormal grain growth [182-184] although it can toughen brittle 
ceramics. Spark plasma sintering, electrical-field assisted and microwave sintering 
were shown to lead to an increase of the densification during sintering [40]. These 
features are not desirable to achieve the interconnected porous structure. 
 
Two-step sintering (TSS, Figure 2.8), originally proposed by Chen and  
Wang [41, 42], has been successfully conducted by Garrido et al. [185], Alao et al. 
[186] and Mazaheri et al. [49, 174] to supress the abnormal grain growth of 8YSZ. 
Also, the grain growth of ZnO [187], 3YSZ [188], Y2O3 [41, 189], Zirconia [190] and 
Al2O3 [191] have been hindered by using TSS. These results show that there is a 
potential to hinder the grain growth of NiO-YSZ using TSS. 
 
 
Figure 2.8. Concept of two-step sintering by Chen and Wang [41] 
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The sintering temperature is central for TSS, compared to other sintering conditions 
(heating/cooling rate, sintering duration). The first step at T1 is to achieve an initial 
relative density of more than 75% meanwhile to produce pores unstable and to form 
triple joints [189]. This enhances  densification at low sintering temperatures [42, 
192]. During the second step at a low sintering temperature of T2, because the dispersed 
open pores pin grain boundaries and hinder grain-boundary migration, the abnormal 
grain growth is hindered. An emerging issue that, whether TSS can suppress the grain 
growth of NiO-YSZ, need to be investigated. If so, what are the optimum conditions 
(e.g. T1 and T2)?
 
Even at lower sintering temperatures, TSS has achieved fully dense yttrium oxide [41], 
zirconia [190] and 8YSZ [49] without abnormal grain growth. Chen et al. [41] stated 
that the grain growth of yttrium oxide was not obvious because there is no grain growth 
during the second sintering process (1050-1150ºC) after being sintered at 1250-
1400ºC. In their study, the relative density after the first sintering step appeared to be 
75-88% from a green density of 44% (starting particle size: 30 nm). Suarez et al. [190] 
explored the TSS behaviour of tetragonal zirconia, demonstrating that zirconia was 
fully densified under the condition of T1=1300ºC no holding time and T2=1200ºC for 
15 hours. In their study, the average resulting grain size was 125 nm whereas the 
average grain size was 155 nm from one-step sintering. Interestingly, Suarez et 
al.[190] also found the resulting relative density of zirconia was only 81.6% when the 
second sintering temperature was 1100ºC but no explanation was given. Mazaheri et 
al. [49] conducted a TSS at T1=1250ºC and T2=1050ºC, in which the grain growth of 
8YSZ (24.5 nm) was successfully constrained (up to 295 nm, RD: 97.6%, hardness 
13.51 GPa), without deteriorating the densification process. 
 
The single-step sintering temperature of NiO and/or YSZ is higher than its TSS 
temperature. A relative density of NiO is lower than 92% even at 1600ºC and 
1700 ºC [197, 198]. Gibson [167] found that the sintered density increased quickly with 
the increasing sintering temperatures from 1100-1300ºC, and then increased slightly 
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beyond this temperature range. The activation energy of 8YSZ is around 
605-645 KJ mol-1 at a sintering temperature of 1338-1377ºC. Matsushima et al. [195]
studied the porosity change of NiO-YSZ using a single-step sintering. They found that
the porosity was 23% after pre-sintering at 1250ºC and then nearly went to zero after 
further sintering at 1350ºC. Fully densified 8YSZ nano-particles were achieved at 
1500°C (reported by Mazaheri et al. [49]). Cubic zirconia reaches almost full 
densification at 1300°C [199].
Table 2.9. Summary of the sintering parameters of starting NiO and/or YSZ materials 
(under the conditions of without PMMA templates)
Material Starting PS (nm) SSA (m
2/g) ST(ºC)/HR (ºC min-1) Time(h) Refs
YSZ
50-60 130-180 1300/2 4 [169]
120 18 1300/2 4 [169]
39/54/129 1500/10 2 [167]
250/750 12.3/3.2 1300/1200/1250 3 [193]
Ni-YSZ 460/350 - 1250 [103]
NiO-
YSZ
50/25 - 1500/- 10 [194]a
2/20 0.479-803 1400/- 2 [122]b
-/50 - 1200/1.5 2 [195]c
85 6.41 1350/- 2 [196]
- - 1250-1400 3 [118]
Note 1, PS: Particle size, SSA: specific surface area, ST: Sintering temperature, HR: 
heating rate, RD: relative density, CIP: cold iso-static press; 
Note 2, a: thermal etching at 1300°C for 2h, b: asylum binder, c: Methyl-cellulose 
binder.
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To summarize, the sintering temperature of NiO and/or YSZ, is from 1200-1500ºC for 
both TSS and SSS (Table 2.9). In the case of electrostatic interaction, few references 
have discussed TSS. Apart from the determination of sintering temperatures, 
further investigation into pore formation and grain growth is required.
 
2.4.3. Pore formation and grain growth 
Pore formation is significantly affected by the grain growth as they are the competing 
process during sintering [200]. Although grain growth for two-step sintering can be 
hindered [43-55], the mechanism of the less common utilized TSS, has been 
demonstrated to be still an open question even for conventional sintering [201-203]. 
For example, the investigations of pore formation for conventional sintering is 
conflicting somehow [204]. Some researchers demonstrated that the pore volume 
decreased throughout sintering while the others reported that the dimensions of most 
pores increased during the most of sintering process [205]. Although there are some 
investigations into the sintering mechanism, of which the review is still recently 
unavailable [205].  
 
Zhang et al. [75] reported that it is still a challenge to remain the macro-porous 
structure of the composite framework at higher sintering temperatures after thermal 
removal of the template. Indeed, high sintering temperatures worsen microstructure
and consequently electrochemical performance [4].The meso-porous structure may be 
more difficult to preserve. With better understanding of the densification mechanism, 
it would be possible to control porosity of porous materials [56].
 
 Mechanical properties of hierarchical porous structures 
One problem that arises is that the mechanical property needs to be improved for porous 
structures particular in an high porosity. Among conventional methods for improving 
mechanical properties, a finer grain size can result in better strength properties (Figure 
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2.9). Further to the crystalline reinforcement, the bimodal distribution of particles has 
been found to improve mechanical properties.  
Since little information on porous NiO-YSZ is available, the investigation into the 
effect of the bimodal distribution particles and porosity on mechanical properties is 
based on the similar porous structure fabricated not from electrostatic interaction 
approach. 
 
Figure 2.9. Fundamental characteristics of mechanical properties of structural 
ceramics: hardness defines elastic modulus and Weibull modulus [68, 208] 
 
2.5.1. Effect of bimodal-distribution particles  
Hunger and co-workers [67] confirmed that using a bimodal distribution of particles 
 is an alternative way to strengthen the porous structure of NiO-YSZ. Chaim et al. 
[206] investigated the elastic modulus of 3YSZ as a function of grain size. Their results 
have shown that the elastic modulus increased with increasing grain size in a range of 
20-60 nm and remained stable when the grain size was 60-130 nm. The results of Yoon 
and White [22, 66] also confirmed that the addition of fine ceramic particles improves 
the elastic moduli of aluminium oxide. Recently, Hunger et al. [67] has argued that 
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Young’s modulus was improved by 20.05 MPa using bimodal Al2O3 particles (10 μm 
and 0.4 μm), whereas the value of Young’s modulus was only 12.11 MPa when using 
mono-modal 10 μm Al2O3. 
 
Wang et al. [209] explored the influence of dual-sized particles on the strength of 
porous structures. Using a bimodal distribution of starting particles (11 μm and 5μm 
NiO; 4 μm and 1μm YSZ) compared with 2 μm fine particles, Wang et al. [209] found 
that this led to a decrease in strength by 35%. They postulated that this could be caused 
by de-bonding between NiO and YSZ. Similarly, the studies of Mao et al. [210] on the 
effect of coarse particles in gel-casted Al2O3 showed that the addition of coarse 
particles contributed to a decrease in flexural strength.  
 
To date, most of the work on bimodal strengthening of NiO-YSZ has focused on the 
micro- and nano-level. From 1999 to 2013, various researchers have worked with 
bimodal nano-particles. The particle sizes of NiO-YSZ are as following: 300 nm and 
10-30 nm [23, 24], 50-100 nm and 10-20 nm by Yoon et al. [22], and 200 nm and 23 
nm [25], respectively. In each of these studies, only one weight ratio was used. It 
appears, in a survey of the literature, that the influence of the size ratio and weight 
ratio in bimodal distributions of NiO-YSZ particles has not yet been systematically 
studied. 
 
 The addition of finer nanoparticles increases the packing density of particles by filling
the pores between larger nanoparticles, which can improve strength properties [68]. 
However, further attention still needs to be paid to nano-crystalline reinforcement to
widen the possible practical applications [56]. For instance, the investigations 
mentioned above are only based on bimodal particles without PMMA template. In the 
case of PMMA addition by electrostatic attraction, the influence of bimodal particles 
on conductivity and elastic modulus needs to be further examined and optimized. 
 
The reason for this is that it becomes tri-modal mixtures of PMMA spheres and 
bimodal NiO-YSZ particles, in which the optimal factors are quite different from 
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bimodal system. The optimal factors comprise of the following: 1) diameter and 
fraction of PMMA, 2) the size ratios and volume ratios of bimodal particles. Similarly, 
elastic modulus affected by bimodal particles has the same issues. 
 
2.5.2. Porosity effect  
Rice [200] further described porosity effect on property particular in mechanical 
properties of materials. As shown in Figure 2.10, when the sintering temperature is 
high, the porosity is more important than the grain size and net effect. Radovic et al. 
[59], Atkinson [211] and Faes et al. [57] demonstrated that an increase in porosity 
leads to a decrease in hardness. Radovic and Lara-urzio [59, 212] found that the 
fracture strength of Ni-YSZ also decreased with increasing porosity. 
 
 
Figure 2.10. The central role of porosity on mechanical properties of porous  
structures [200] 
 
Most investigations on elastic moduli as a function of porosity have focused on low 
porosities [58-65], since greater porosity decreases the strength of the porous structure 
[57]. Radovic et al. [59] described the elastic moduli of the NiO-YSZ samples with 
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porosities of 6.6%, 17.8%, 19.8%, 21.9%, 25.3%, and 27.6%. Asmani et al. [64] 
studied the porosity (4% - 25%) effect on elastic modulus using aluminium oxide 
samples. Luo et al. [65] examined the elastic moduli dependence on porosity from 0-
40%. Selcuk et al. [58] studied the relationship between mechanical properties and 
porosities from 4% to 12%, based on elastic modulus at zero porosity. Some nano-
indentation studies on the mechanical behaviour of NiO-YSZ have been reported [63], 
with a porosity range of 0-27.8%. Kim et al. [118] have studied the porous structure 
of NiO-YSZ with porosities up to 50% but no information on mechanical properties is 
provided.  
 
Investigation of the mechanical properties of porous NiO-YSZ with a high porosity 
has yet to be made. Improving the mechanical properties of materials with high 
porosities is therefore required to ensure their practical application. 
From examining these findings, it tends to be that the mechanical properties are 
determined by the structural factors (such as the grain size and the porosity) which 
depend mainly on the processing routes. Based on electrostatic-interaction approach, 
the processes such as coagulation (Section 2.3.3) and NiO-YSZ/PMMA 
rearrangement (Section 2.3.4) can benefit mechanical properties of porous NiO-YSZ. 
This prediction needs to be confirmed by further experimental investigations.
 
 Concluding remarks 
Although the hierarchical porous structure of NiO-YSZ is ideal for the fuel cell 
research areas, it requires further development; particularly the maintaining the porous 
structure and its mechanical properties with a high porosity. As the characteristics of the 
hierarchical porous structure depend strongly on the processing routes, a procedural 
concept is proposed. Challenges faced during processing are as follows. 
The electrostatic interaction is employed to assemble PMMA templates (for macro-
pores) and NiO-YSZ particles (for meso-pores). Although a few references have 
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mentioned electrostatic attraction for porous materials, the mechanism of electrostatic 
interaction for assembling is still not systemically studied. Although the surface energy 
of PMMA templates has been confirmed to be essential to electrostatic interaction, few 
studies are available regarding its role on the NiO-YSZ/PMMA assembly. During 
assembling, the aggregation issue need to be solved as well. 
TSS is used to maintain the hierarchical porous structures of NiO-YSZ because it 
suppresses the abnormal grain growth and can accordingly lead to better understanding 
of the porosity control and pore formation [56]. First, the sintering temperatures need 
to be determined for the originally assembled NiO-YSZ/PMMA by electrostatic 
interaction. Based on electrostatic interaction, more experimental work is needed to 
study the mechanism of pore formation due to the lack of information. Due to 
agglomerated issues, the retention of the porous structure at high sintering temperature 
is another issue.  
 
In combination with the developed process, the bimodal distribution of NiO-YSZ 
nano-particles is used to improve mechanical properties of hierarchical porous NiO-
YSZ. The prediction that electrostatic interaction assembling and NiO-YSZ/PMMA
rearrangement benefit mechanical properties of porous NiO-YSZ, need to be 
confirmed by further experimental investigations. Specifically, investigation of the 
mechanical properties of porous NiO-YSZ with a high porosity has yet to be made. 
The mechanism of bimodal strengthening need to be studied at nano-level, in 
particular the effect of fraction of fine nano-particles.
It is the intent of this study to contribute the structural mechanism on the hierarchical 
porous structure in terms of electrostatic interaction between PMMA templates and 
bimodal distribution of nano-particles. Whether the combined method, such as macro-
pores derived from PMMA templates and meso-pores derived from self-formation, 
leads to a hierarchical porous structure of NiO-YSZ with improved mechanical 
properties, which assist with electrostatic interaction and two-step sintering is the aim 
of this study.  
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Chapter 3. Materials and Methodology
In order to widen the applications of hierarchical porous structures, one of the main 
challenges faced is their reduced mechanical properties because of the relatively high 
porosity [76-83]. In the case of NiO-YSZ, another issue is that the hierarchical porous 
structure needs to be maintained at high sintering/operational temperatures (normally 
more than 1000ºC) [75].
Some efforts have been made to improve the mechanical properties of the hierarchical 
porous structure of NiO-YSZ through the use of PMMA templates and/or self-
formation by particles [3, 22-25, 134]. However, there is little explanation on why the 
porosity limitation occurs. Also, there are conflicting results for the mechanical 
property dependence on porosity in the literature [134]. Further investigation on pore 
evolution is therefore needed.
A process is developed to better understand the formation of the hierarchical porous 
structure of NiO-YSZ. It includes the following procedures: 1) to assemble a pore 
network by electrostatic attraction between PMMA templates and NiO-YSZ nano-
particles, 2) to conduct two-step sintering to form the hierarchical porous structure of 
NiO-YSZ, and 3) to further strengthen the hierarchical porous structure in the use of 
bimodal NiO-YSZ nano-particles. 
Materials 
The as-received materials are listed in Table 3.1. All the materials were used as 
received without further purification.
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Table 3.1. The used materials
Material Formula Supplier Purpose
Nickel oxide 
(Purity: > 99.5%) NiO
US Research 
Nanomaterials, Inc
Skeleton, electrical 
conductivity
Yttria stabilized 
zirconia (Purity: > 
99.9%)
8 YSZ
(Y2O3 (8) ZrO2 (92))
US Research 
Nanomaterials, Inc
Skeleton, oxygen 
ion conductivity
PMMA
(Polymethyl 
methacrylate)
C11H17NO
Soken Chemical 
and Engineering 
Co., Japan
Pore former, 1.5 
μm, 3.0 μm and 
5 μm
PEI 
(polyethylenimine) (C2H5N)n Sigma-Aldrich
To charge NiO-
YSZ positively
THF 
(tetrahydrofuran) (CH΍)ΏO Sigma-Aldrich
To charge PMMA 
negatively by its 
hydrolysis
Methane CH4 Sigma-Aldrich
Sodium hydroxide NaOH Sigma-Aldrich
Yttrium(III) nitrate 
hexahydrate Y(NO3)3.6H2O Sigma-Aldrich
Precursor of fine 
NiO-YSZ nano-
particles
Nickel(II) nitrate 
hexahydrate Ni(NO3)2.6H2O Sigma-Aldrich
Zirconia nitrate Zr(NO3)4.6H2O Advanced Tech. & Ind. CO., Ltd
Experimental procedures 
The hierarchical porous structure of NiO-YSZ was produced in sequence by pore 
networks in assembled NiO-YSZ/PMMA (initial controls) and pore evolution during 
TSS (secondary controls) and was further strengthened by a bimodal distribution of 
NiO-YSZ nano-particles (Figure 3.1).
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3.2.1. Assembling of porous scaffolds in green NiO-YSZ/PMMA by electrostatic 
interaction
The pore networks in NiO-YSZ/PMMA assembly were tailored by using an alternative 
method, electrostatic interaction. The porosity dependence on coagulation duration, 
the PMMA: NiO-YSZ weight ratio, pH and the size of the PMMA was studied. The 
surface energy of the PMMA impact on coagulation was discussed.
Figure 3.1. Schematic diagram of the process for fabrication of a hierarchical porous 
NiO-YSZ based on electrostatic attraction of oppositely charged PMMA spheres 
and NiO-YSZ nano-particles, followed by two-step sintering (This process is the 
same when using the bimodal distribution of NiO-YSZ nano-particles)
The surface functional groups make their surfaces positively or negatively charged and 
thus play an important role in electrostatic attraction. The experimental procedure 
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includes negatively-charged PMMA, positively-charged NiO-YSZ and their 
electrostatic attraction followed by cold-pressing.  
 
Negatively charged PMMA particles 
The PMMA was negatively charged using 2M NaOH as an activating agent by its 
hydrolysis. Two different solvents were used: a THF and methane. The procedures in 
details are as following: 
1. One gram of PMMA particles was stirred in a mixture of 20 mL of 2M NaOH, 
50 mL methanol and 30 mL THF.  
2. After stirring, the mixture was centrifuged at 4,100 rpm for 15 min.  
3. At room temperature, the collected PMMA was stirred in 100 mL of 2M HCl 
and held for 5 h.  
4. The mixture was centrifuged and washed three times with deionised water.  
5. The solid product was dried at 60°C for 5 h in a vacuum oven.  
6. An aqueous suspension of 2 wt% PMMA was obtained by treating 
ultrasonically for 10 min followed by stirring for 1 h to ensure complete 
dispersal. 
 
Positive-charged NiO-YSZ nano-particles 
The NiO-YSZ nano-particles were positively-charged by the addition of 1 wt% PEI.  
5 wt% of the NiO-YSZ powder was dispersed in distilled water with addition of 1 wt% 
PEI. The suspensions were treated ultrasonically for 10 min and then stirred for 1 h to 
ensure their complete dispersal. 
 
Electrostatic attraction between oppositively charged PMMA and NiO-YSZ 
particles 
The NiO-YSZ suspension was slowly added to the PMMA suspension under stirring, 
so that the particles adhered uniformly to the polymer surface to form a network 
through electrostatic interactions. The resulting mixture was then vacuum-filtered to 
-42- 
Chapter 3 [Materials and Methodology]
pack the coagulated particles together, followed by drying in a vacuum oven at 80°C
for 10 h.
Cold pressing
The dried NiO-YSZ/PMMA was uniaxially cold-pressed at a pressure of 500 MPa for 
30 min to prepare a composite pellet of 13 mm diameter with a thickness of 
0.75±0.15 mm.
3.2.2. Fabrication of hierarchical porous structure by two-step sintering
The porosity of the hierarchical porous structure of NiO-YSZ was controlled by 
controlling the PMMA: NiO-YSZ weight ratio (15 wt%, 25 wt% and 35 wt%), PMMA 
diameter (1.5 μm, 3 μm, and 5 μm), pH value (6, 8 and 10), and sintering temperature 
(1050ºC, 1100ºC, 1150ºC, 1200ºC, 1250ºC and 1300ºC) using two-step sintering 
(TSS), which suppresses the grain growth of NiO-YSZ. After exploring the effect of 
sintering temperature on grain growth, the pore evolution was discussed.
Two-step sintering is shown in Figure 3.2. The PMMA templates were first removed 
by holding at 500ºC for 3 h in air, after being heated to 500ºC with a heating rate of 
1ºC/min; then further heated to 1300ºC in nitrogen with a heating rate of 15ºC/min; 
and after being cooled to 1250ºC in nitrogen, they were sintered at 1250ºC for 2 h in 
nitrogen, followed by being cooled in nitrogen.
3.2.3. Improvement of mechanical properties by bimodal NiO-YSZ nano-
particles
The hardness and Young’s modulus of NiO-YSZ was further improved by controlling 
the bimodal distributions of NiO-YSZ nano-particles with different fractions of fine 
particles (10 vol%, 20 vol%, 30 vol%, 40 vol% and 50 vol%), which can change the 
sintered porosity. The data was collected and analyzed using nano-indentation and the 
Oliver Pharr method, respectively. The pH ranges were 6.0, 8.0 and 10.0, and PMMA 
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spherical diameters were 1.5, 3.0 and 5.0 μm. The preparation procedures are the same 
as the above mono-modal particles (Section 3.2.1 and 3.2.2). 
Figure 3.2. Program of two-step sintering
Characterizations 
Porosity characterizes the hierarchical porous structure of NiO-YSZ throughout the 
fabrication process. In the NiO-YSZ/PMMA stage, green porosity refers to PMMA 
templates and the interstices inside. The patterns of PMMA templates and the 
interstices are defined as the green/initial pore networks in the assembled NiO-
YSZ/PMMA (Figure 2.6) to differentiate pore networks in the formed hierarchical 
porous structures, which are formed after pore evolution during two-step sintering.
The pore volume fraction in the formed hierarchical porous structure is termed sintered 
porosity, including macro-porosity (macro-pore fraction) and meso-porosity (meso-
pore fraction). In this work, macro-pores were formed by removal of the PMMA 
templates while meso-pores were mainly formed by interstices inside NiO-YSZ nano-
particles using two-step sintering. 
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3.3.1. Properties of green NiO-YSZ/PMMA
An explanation for the NiO-YSZ/PMMA assembly was provided, focusing on the 
surface energy effect on coagulation (electrostatic attraction) during electrostatic 
interaction. In NiO-YSZ/PMMA, the porosity (78%, 82% and 89%) dependence on 
pH (6, 8 and 10), and the diameter and fraction of PMMA (15 wt%, 25 wt% and 
35 wt%) during electrostatic attraction is also discussed. In addition, the viscosity of 
the NiO-YSZ/PMMA suspension was measured and its impact on the NiO-
YSZ/PMMA assembly was discussed.
Functional groups applied on surface of PMMA and NiO-YSZ
The description of surface functional groups of PMMA and NiO-YSZ is gained by 
using Fourier transform infrared spectroscopy (FTIR, Vertex 70, Bruker), differential 
scanning calorimetry (DSC, Perkin Elmer Diamond), X-ray photoelectron 
spectroscopy (XPS) and dynamic light scattering (DSL, Malvern Zetasizer Nano).
Surface energy distribution of PMMA was originally obtained using an inverse gas 
chromatography-surface energy analyser (IGC-SEA, Surface Measurement System, 
ltd., UK) to describe the concentration of surface functional groups.
FTIR, DSC, XPS and Zeta potential
FTIR was used to study the functional groups on modified PMMA. The samples were
ground in an agate mortar, and then mixed with KBr at a weight ratio of 1:500, 
followed by pressing at 7 MPa for 5 min with a hydraulic press. FTIR spectra were 
recorded in the 600–4000 cm-1 range at a speed of 128 cm-1 scans with 4 cm-1 resolution 
[213]. For both original and modified PMMA, DSC was conducted from -20°C to 
200°C at a heating (and cooling) rate of 10°C/min. The DSC results were analysed by 
the software of universal analysis to obtain the activation energy and glass transition 
temperature (Tg). The XPS measurements were carried out at La Trobe University and 
the results were analysed using Casa XPS software. The zeta potential of PMMA, NiO-
YSZ and NiO-YSZ/PMMA suspensions was obtained using DSL.
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Surface energy distribution: IGC-SEA
Inverse gas chromatography (IGC) was employed for determining the surface energy 
of solid powders [214-220]. As a gas phase technique, the IGC is highly sensitive 
[221], and overcomes the limitations of liquid phase techniques such as traditional 
contact angle methods and the alternative Washburn method. If the contact angle 
measurement is carried out on PMMA particles, the compressed samples can change 
their surface characteristics [215]. It has been demonstrated that the Washburn method 
can be affected by column packing, particle size and pore geometry [215, 222, 223].
The surface energy distributions were conducted at a wider range of surface coverage 
(0.01-0.14) to differentiate the particulate surface energetic status and surface 
chemistry (relative basicity) of the samples. Compared with a single value of surface 
energy at infinite dilution, surface energy distributions show the surface energy map 
of the samples at different surface coverage [216].
The surface energy distribution was obtained by integrating the area under the surface 
energy curve across the entire range of surface coverage (0-100%). To enable an 
integration across the full surface coverage range, experimental data points were 
extrapolated using an exponential decay function:
(3.1)
where ݕ݋ is the offset, A is the amplitude and t is the decay constant.
In this study, the surface energy distribution is therefore a clear representation of the 
absolute range of the energy heterogeneity, allowing the geometric mean value (J50) to 
be calculated.
Viscosity, particle size distribution and green porosity
The viscosity of each sample was measured using a Rheometer (HR-3, TA 
instruments) with shear rates from 0.005 s-1-100 s-1 at logarithmic intervals (5 points). 
txAeyy /0
 
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The geometry used was a cone plate with a cone angle of 2.027° and radius of 40 mm. 
All rheological measurements were carried out at 25 ± 1°C. 
 
Dynamic light scattering (DSL, Malvern Zetasizer Nano) was used to determine 
particle size distribution because it is fast and cost-effective compared to image 
analysis. 
 
The porosity before sintering caused by interstices was obtained using a gas 
Pycnometer (Ultrapyc 1200, Quanta chrome Instruments) since the Archimedes 
method is not suitable for the NiO-YSZ/PMMA samples due to water impregnation. 
 
3.3.2. Morphologies of hierarchical porous NiO-YSZ 
In this work, the hierarchical porous structure of NiO-YSZ was characterized from the 
perspective of the microstructure and pore structure after introducing methods for 
sample preparation and conditions for SEM imaging. 
 
Sample preparation 
The ultra-low viscosity embedding media (ULVM kit, Polysciences) was chosen for 
its low viscosity (20 cps at 25°C), exceptional penetration qualities, good sectioning 
and beam stability. The resin mounting process was applied to both plane and cross-
section samples of NiO-YSZ for property characterization. The properties and 
formulation of materials are described in Table 3.2.  
 
The details of sample preparation are given below. 
Mounting and impregnation 
1. The 30 mm mold was degreased before the sample was placed in the mold.   
2 mm samples were pre-cut using a sharp razor to flatten the edges. Every mold 
contained five samples.  
2. ERL-4221 (0.5 parts by volume) was mixed with 1 part by weight of NSA, and 
0.075 parts of BDE in a dried container.  
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3. A small amount of Zn particles was then stirred in to lower the charging effect 
under the electron beam. 
4. 1 volume % DMAE was added using a 5 mL syringe. The resulting mixture was 
then stirred carefully at a low speed for 3 min at room temperature.  
5. The mixture was carefully poured over the samples in the mold.  
6. Each mold containing 5-6 samples was put into a vacuum chamber and the 
vacuum pump was turned on. Degassing under vacuum was carried out at  
26~33 kPa (Maximum 100 kPa) for 8 h. 
7. The molds were removed from the vacuum chambers once there were no air 
bubbles remaining on the surface.  They were put into an oven at 100ºC for 5 
min, they were then returned to the vacuum chamber to draw out more air. To 
ensure casting of minute slender cavities, the vacuum was interrupted and on 
the sample was heated for 5 min in a 100ºC oven, before being returned to the 
vacuum. This action, which was repeated, forced the epoxy further into the 
cavities and squeezed out the air [224]. 
8. Finally, the samples were removed from the vacuum chamber, and cured at 
70°C in a vacuum oven for 8-12 h. 
 
Table 3.2. Formulation of ULVM kit for mounting and vacuum impregnation 
Component 
Epoxy resin 
(ERL-4221) 
Hardener 
(NSA) 
Modifier 
(BDE) 
Catalyst 
(DMAE) 
CAS RN 2386-87-0 7754-96-2 2425-79-8 108-01-0 
Proportion 
Standard 0.5 1.0 0.075 1.0 % 
Hard 0.5 1.0 0.05 1.0 % 
 
ERL-4221: Cycloaliphatic Epoxide Resin;  
NSA: N-Octenyl Succinic Anhydride;  
BDE: 1, 4 -Butanediol Diglycidyl Ether;  
DMAE: Dimethylaminoethanol.  
Grinding and polishing 
1. After curing, the resin was ground and the surface of the samples was polished 
to get the required flat surface.  
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2. Mounted samples were wet ground using silicon-carbide paper at 300 rpm. The 
grit of the paper was reduced starting with 500 grit and progressing through 
800 grit and finally to 1200 grit.
3. Polishing was carried out using 9 μm diamond suspensions and progressing 
through 3 μm, 1 μm and finally 0.04 μm, with a 5 min ultrasonication in 
distilled water between each stage. 
4. For the final polishing, an acidic suspension of aluminum oxide (Al2O3)
particles (0.04 μm, OP-AA suspension, Struers ) or 1 μm Į-alumina (Struers) 
suspension in water was used [225]. Ultrasonic cleaning in ethanol for 20 min
completed the preparation process.
5. The samples were surface dried with a hot air gun and stored in a vacuum 
chamber for SEM.
Thermal decomposition
The cross-sections of the cells were prepared by mounting the cells in conductive 
thermoset resin, then cutting the samples with a 400 μm diamond saw. The surface 
was polished with a series of abrasive suspensions, with decreasing particle diameters,
ending with a 0.05 μm Al2O3 suspension. Ultrasonic cleaning in ethanol followed for 
20 min.
Thermal etching, as a standard method, has been widely used [226-233]. For SEM 
analysis, the polished samples (cross-section) were thermally etched at 1150ºC for 
1 h, as shown in Figure 3.3.
Conditions for SEM imaging
The morphologies of the samples were imaged by SEM (Zeiss Supra 55 VP FEG 
SEM). The samples were coated with very thin carbon (<2 nm) before SEM imaging. 
The carbon coating was conducted at a current of 2.5 mA under a vacuum condition 
of less than 80 kPa. The SEM images were obtained at an electron high tension (EHT) 
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of 5 keV and working distance of 6 mm, using a SE2/AsB detector with a 30 μm 
aperture. The elemental analysis of NiO-YSZ was conducted using energy dispersive 
X-Ray analysis (EDX). The high voltage and working distance chosen for EDX testing 
are 20 keV and 12 mm, respectively [19]. The spectroscopy of elements Ni, Zr, Y, Sn, 
C, O, and N is summarised in Table 3.3.
Table 3.3. Energy spectroscopy for EDX analysis
Atomic 
number Elements Energy spectroscopy
6 C K0.3
16 O K0.5
14 N K00.4
28 Ni Kb7.5-8.3 LI0.85
39 Y K15-16.75 L1.9-2.0
40 Zr K15.8-17.7 L2.1/2.1/2.2/2.3
47 Ag L3.0/3.1/3.35/3.5
50 Sn ..Į -25.8 L3.4/3.65/3.9/4.1
Figure 3.3. Thermal etching profile
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NiO-YSZ microstructure 
The phase identification was conducted using XRD (X’Pert PRO X-ray diffraction-
meter) and Raman microscopy (Renishaw inVia Microscopic System), which are fast, 
cost-effective and easier for sample preparation compared to TEM. 
Phase identification and phase volume fraction
XRD is usually used to characterize the crystal structure, particularly in phase 
identification and phase analysis. XRD patterns of the samples were obtained from an 
X’Pert PRO X-ray diffraction-meter (50 keV, 40 mA) with Cu KĮ radiation. The 
SKDVHDQDO\VLVZDVFDUULHGRXWDWDVFDQQLQJUDWHRIPLQLQWKHșUDQJHIURPWR
80°, with a step size of 0.02° and continuous rate of 2 s per scanning step. High 
resolution pattern was conducted from 27° to 32° and from 72° to 76° with steps of 
0.005° for 5 s. No surface grinding was applied before the phase analysis. Data was 
managed and analysed using X’Pert High Scope Plus software. The molar ratio of 
Y2O3 was obtained using the methods by Zhao and Witz et al.[234, 235]. The phase 
volume faction was gained by analysing the XRD results using the Rietveld 
refinement [40].
Raman spectroscopy was chosen to differentiate the cubic phase and tetragonal phase 
of NiO-YSZ samples. Raman testing was carried out with an excitation laser of 514 
nm (Renishaw inVia Microscopic System) at room temperature in air. The spatial 
UHVROXWLRQRIWKHREMHFWLYHOHQVZDVDSSUR[LPDWHO\ȝPLQGLDPHWHU7KHUHVXOWV
were analysed using WiRE 3.4 software.
Particle size and grain size
The particle size was obtained by using dynamic light scattering (DSL, Malvern 
Zetasizer Nano) and/or image analysis. The grain size was obtained by the Sherry 
equation (3.2)[236]; the pore size was characterized by image analysis using Image 
Pro software. The mechanism for pore evolution during TSS was given with a focus
on the interstices contribution.
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ܮ =  ݇ߣ/(ߚ cos ߠ) (3.2)
where ߣ is the wavelength of the X-rays; ߠ is the diffraction angle; k is the shape factor, 
0.89; ߚ is the full width at half max intensity (FWHM).
Relative density
The relative density is defined as the degree of densification (3.3). The true density 
(ߩ୲୰୳ୣ) was determined by the Archimedes method. Theoretical density (ߩ୲୦ୣ୭) was 
determined by using the lattice parameters obtained from the X-ray diffraction 
analysis.
ܴܦ = ߩ௧௥௨௘ߩ௧௛௘௢ × 100% (3.3)
Pore structure
The Archimedes method and image analysis were chosen to characterize porosity and 
pore size in preference to other techniques, such as mercury porosimetry and FIB-
SEM, because they are inexpensive and fast. 
The porosities of sintered NiO-YSZ were tested using the Archimedes method with 
deionised water as the immersion media [237]. The pore size distribution was analysed 
from SEM results using Image Pro software because the samples were broken during 
the testing using a porometer (PMI Capillary Flow Porometer).
The specific surface area (SSA) of the samples was calculated by the multiple point 
Brunauer-Emmett-Teller (BET) method, which is a standard and widely-used method 
to characterize SSA. BET were recorded using the surface area and porosity analyser 
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(Tristar 3000, Japan). Before measurement, all samples were degassed at 250ºC for 
3h.
Summary 
After data analysis, porosity dependence on sintering temperature (1050, 1100, 1150, 
1200ºC, 1250ºC and 1300ºC), PMMA diameter (1.5 μm, 3.0 μm and 5.0 μm), PMMA 
fraction (15 wt%, 25 wt%, and 35 wt%) and pH (6, 8 and 10) of the suspensions was 
also explored. Furthermore, pore evolution was discussed according to an equation 
derived from master sintering curve (MSC) [238].
3.3.3. Nano-hardness of hierarchical porous NiO-YSZ
Nano-hardness testing was conducted using the Oliver Pharr method to examine the 
impact of the porosity and fine particle fraction on mechanical properties of porous 
NiO-YSZ with a higher open porosity. The Weibull plots of hardness, and Young’s 
modulus were determined based on a two-parameter Weibull distribution. The 
properties-porosity trend is explained in terms of observed structure changes. A
schematic of the nano-indentation is shown in Figure 3.4.
Figure 3.4. Schematic of: a) A typical load–displacement curve and b) the 
deformation pattern of an elastic–plastic sample during and after indentation [239]
Hardness, H, is defined as the mean pressure under the indenter. With this definition, 
the hardness was calculated as the maximum applied load during an indentation test, 
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Pmax, divided by the projection area, AC, of contact between the indenter and the 
sample, as follows:
ܪ = ௠ܲ௔௫ܣ௖ (3.4)
The projected contact area, AC, is a function of the indenter shape at the contact depth, 
hC. For an ideal pyramidal geometry case, the area function, AC, is given by [239, 240]:
ܣ஼ = 24.5݄௖ଶ (3.5)
The contact depth, ݄C, immediately before unloading can be directly estimated from 
the load–displacement data and is given by [240, 241]:
݄஼ = ݄௠௔௫ െ ߝ ௠ܲ௔௫ܵ (3.6)
where ߝ is a geometric constant and the value ߝ = 0.72 is generally used [239] for a 
Berkovich indenter. S is the measured elastic stiffness of the initial unloading data 
(i.e., slope of the unloading curve) and is given by:
ܵ =  ݄݀ܲ݀ (3.7)
The Young’s modulus for the sample, E, is determined by the following equation:
1
ܧ௥  =  
1െ ݒଶ
ܧ  +  
 1െ ݒ௜ଶ
ܧ௜
(3.8)
Where ߚ is a constant which depends on the geometry of the indenter (ߚ = 1.034 for a 
triangular Berkovich indenter [242, 243]). Poisson’s ratio of the sample, ߥ is 0.23 
[244]. The elastic properties of the diamond indenter (the Young’s modulus, ܧ௜; and 
Poisson’s ratio, ߥ௜ ) were ܧ௜ = 1141 GPa and ߥ௜ = 0.07 [244, 245]. The effective 
Young’s modulus, ܧ௥ , is determined by the slopes of the initial unloading curves, 
assuming that the area in contact remains constant during initial unloading. It is given 
by the equation [241, 242]:
-54-
Chapter 3 [Materials and Methodology]
ܧ௥  =  
ߚ
2݄஼ ට
ߨ
24.5  (
݀ܲ
݄݀) (3.9)
The mean hardness values and Weibull moduli were obtained using a two-parameter 
Weibull distribution. The Weibull plot of hardness was obtained from the following 
procedures:
1. The hardness data was ranked in ascending order
2. A corresponding probability, P, was calculated using the equation of 
P = (ií0.5)/N (N is the total number of measured hardness data) 
3. The linear curve, Ln (Ln (1/ (1-P)) v, as a function of Ln H, was determined 
by least-squares regression. 
The nano-indentation experiments were carried out on the surface plane at room 
temperature with an applied load of mN and a loading time of 5 s. These measurements 
were performed using a Berkovich diamond indenter with a radius of 120 nm. The 
penetration was continuously recorded. According the demonstration [242] that, the 
hardness of NiO-YSZ presented a constant value at the applied loads ranging from 5-
50 mN, the effect of A (h c) can be ignored with an applied load of 20 mN.
Summary 
This chapter describes the techniques used to fabricate and characterize a NiO-YSZ
hierarchical porous structure. Based on the design of an hierarchical porous structure, 
the ongoing processes are 1) the formation of pore networks in NiO-YSZ/PMMA
using electrostatic attraction, 2) pore evolution during TSS, and 3) the enhancement of 
mechanical properties of the hierarchical porous structures by bimodal distributions of 
NiO-YSZ nano-particles.
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The pore networks can be formed from PMMA templates and interstices inside the 
NiO-YSZ/PMMA composites by using electrostatic attraction and cold-pressing. The 
control of pore networks can be achieved by controlling the PMMA diameter, PMMA: 
NiO-YSZ volume ratio, the pH and particle size distribution of NiO-YSZ.
Bimodal NiO-YSZ nano-particles are proposed to further improve the mechanical 
properties at a higher porosity by the crystalline reinforcement (the addition of fine 
nano-particles) based on the investigation of structural mechanism on hardness.
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Chapter 4. Role of Surface Energy of PMMA Templates in 
Porous Scaffolds in NiO-YSZ/PMMA Assembly
As discussed in Section 2.3, it remains a challenge to assemble PMMA templates and 
NiO-YSZ nano-particles using electrostatic interaction to form porous scaffolds in 
NiO-YSZ/PMMA. The importance of the role of the surface energy of PMMA in the 
electrostatic interaction is yet to be investigated. Furthermore, the aggregation needs 
to be taken into account to control the initial porosity on the basis of theoretical 
modelling.
This chapter will discuss the control of the initial porosity in NiO-YSZ/PMMA 
assembly, focusing on the following key steps: surface modification of PMMA and 
NiO-YSZ; electrostatic-interaction driven coagulation; and rearrangement of NiO-
YSZ/PMMA. After measuring the surface energy of modified PMMA using inverse 
gas chromatography (IGC) and a surface energy methodology, a theoretical model is 
proposed to describe the contribution of the surface energy/chemistry of the PMMA 
template to coagulation and rearrangement in NiO-YSZ/PMMA. The effect of the 
PMMA fraction and interstices on the initial porosity in the NiO-YSZ/PMMA 
assembly is also studied.
This chapter is structured as follows. First, the nature of the interactions between the 
oppositely charged PMMA templates and NiO-YSZ particles is investigated. Then, the 
surface energy of PMMA is examined, followed by the properties of 
NiO-YSZ/PMMA assembly. The mechanisms of coagulation and rearrangement in 
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NiO-YSZ/PMMA are then studied. Finally, the impact of the PMMA fraction, pH 
value and PMMA diameter on the initial porosity is discussed. 
 
   Enhanced PMMA surface energy by surface modification 
It has been demonstrated that carboxyl groups are more effective to achieve negatively 
charged surfaces and their concentration determines the surface forces [246, 247]. The 
carboxyl-terminated PMMA was confirmed by FTIR and DSC (Figure 4.1 and Figure 
4.2). In addition, XPS results confirmed that the NiO-YSZ surfaces were terminated 
with amino groups (Figure 4.4) and this was further demonstrated by the zeta potential 
results (Figure 4.5). The results of particle size distribution (Figure 4.6) show that 
NiO-  
 
The carboxyl-terminated PMMA has been characterized to have higher specific and 
dispersive surface energies. This implies that the modified PMMA is more active in 
electron-donating and physical interaction (adsorption). In addition, all of the 
modified/PMMA surfaces exhibit an amphoteric character and have comparatively 
more acid surface chemistries. The coagulation (Section 4.2.1) and rearrangement 
(Section 4.3.1) of NiO-YSZ/PMMA were thus enhanced. 
 
4.1.1. Negatively-charged PMMA by surface modification 
The FTIR spectra of pure and partially hydrolysed PMMA particles are shown in 
Figure 4.1. The spectra of all samples are dominated by the 1730 cm-1 band 
characteristic of the ester carbonyl functional groups [248, 249], indicating that the 
hydrolysis is only partial. It does not affect the C=O wavenumber to a great extent. 
However, a new broad peak from 3200-3700 cm-1 (at 3450 and 3620 cm-1) is visible, 
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which is typical of the O-H stretch in the carboxylic acid group [248], indicating that 
the pure PMMA particles have undergone hydrolysis.
Figure 4.1. a) FTIR spectra of 5 μm PMMA, showing the presence of carboxyl 
groups on the treated/PMMA surface, b) schematic diagram of the process of 
PMMA hydrolysis, showing how carboxyl acid groups are grafted on the surface of 
PMMA
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As shown in Figure 4.2, and compared to untreated PMMA material, the glass 
transition temperatures (Tg) of the modified PMMA increased by 3-10ºC, indicating 
their partial hydrolysis [250-252]. The pure PMMA particles exhibit an endotherm 
peak at approximately 108°C, corresponding to the glass transition temperature of the 
polymer (Tg). After hydroxylation, the partial ester group (-COOCH3) is converted to
a carboxylic acid group. After 15 and 20 h of hydroxylation, the Tg peak of the 
hydrolysed PMMA is found to shift to 111 and 113°C respectively, which is due to the 
replacement of ester groups with carboxylic acid groups. Subsequently, the melting 
point of hydrolysed PMMA sharply increases from 150°C to about 172°C between the 
pristine and NaOH hydrolysed sample. Additionally, as shown in Figure 4.2, the 
activation energy shows a peak after 15 h hydrolysis and then decreases, which means 
that the crystallisation trend of the resulting acid groups reaches a maximum after 15 
h hydrolysis, prior to progressively decreasing.
Figure 4.2. DSC curves of treated and untreated 5 μm PMMA, showing the 
existence of carboxylic acid groups on the surfaces of PMMA
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The zeta potential results of the treated and untreated PMMA particles are shown in 
Figure 4.3. The zeta potential of the treated PMMA in an aqueous solution peaks at 
78 mV at pH10 during the zeta potential measurement. It is 47% greater than that of
the untreated PMMA and 20-30% greater than the values cited in the literature [35,
153]. The minimum increase in charge is about 10% higher than that of untreated 
PMMA. This is likely due to more carboxylic acid groups being grafted on the surfaces 
of the NiO-YSZ nano-particles. 
Figure 4.3. Zeta potential of the treated and untreated 5 μm PMMA in the aqueous 
suspensions at a pH range of 2-10, showing the PMMA was negatively charged
4.1.2. Positively-charged NiO-YSZ 
The XPS results in Figure 4.4 (a, b) show that the nitrogen content of NiO-YSZ after 
PEI treatment increased from 39.26% to 69.05%. This may imply that the NiO-YSZ 
surfaces were terminated with amino groups (-NH2) [248, 253]. According to Tang et 
al. [254], the positively charged NH2+ groups of PEI was produced by adsorbing H+
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ions in an aqueous solution. These groups can be absorbed on the negatively charged 
zirconia surfaces. These amino groups can strongly attract with carboxyl acid groups 
on the surfaces of PMMA. 
Figure 4.5 (a, b) shows the zeta potential as a function of pH of the aqueous 
suspensions of treated and untreated NiO-YSZ with different concentrations. The zeta 
potential of the untreated NiO-YSZ suspension was below 40 mV and decreased with 
an increase in pH until an isoelectric point (IEP) was reached at appropriate pH12. In 
the range of pH 2-10, all of the suspensions with treated NiO-YSZ presented a positive 
stable zeta potential of above 40 mV without IEP, indicating that the modified NiO-
YSZ surface were positively-charged and stably mono-dispersed [255]. This 
phenomenon is due to the zirconium/nickel hydroxide formed in the aqueous 
suspensions [255]. In particular, for the 5 wt% NiO-YSZ suspensions, the addition of 
5 dwb% and 1 dwb% PEI resulted in the zeta potential ranging from 60-70 mV. These 
results are 40-50% higher than the values in the investigations by Tang et al. [35, 153,
154].
Figure 4.4. Detailed XPS scans of treated and untreated NiO-YSZ samples and NiO-
YSZ/PMMA composites for N1s : a) untreated NiO-YSZ, and b) treated NiO-YSZ.
These results imply that the NiO-YSZ surfaces were terminated with amino groups
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Figure 4.5. Zeta potential as a function of pH of the NiO-YSZ aqueous suspensions:
a) at different PEI concentrations with 5 wt% NiO-YSZ, b) at PEI 3 dwb% PEI 
concentration with 5 wt% and 30 wt% NiO-YSZ. These results imply that the 
surfaces of the treated NiO-YSZ were positively charged. The value before the dash 
represents the concentration of the NiO-YSZ suspension, while the value after the 
dash mark is the concentration of the PEI surfactant. For example, 5%-5 dwb% 
(green diamond): 5 wt% NiO-YSZ with addition of 5 dwb% PEI 
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Figure 4.6. Particle size distribution as a function of pH of the aqueous NiO-YSZ 
suspensions with the PEI addition at the different concentrations: a) 0 dwb%, b) 1
dwb%, c) 2 dwb%, d) 3 dwb%, e) 5 dwb%; f) NiO-YSZ particle size distribution as 
a function of PEI concentration in the aqueous suspensions at different pH. These 
curves show that the treated NiO-YSZ particles were well-dispersed with 5 wt% 
NiO-YSZ and PEI addition of 1 dwb%. In other words, the aggregation of NiO-YSZ 
particles were minimized with 5 wt% NiO-YSZ and PEI addition of 1 dwb% 
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The mean volume size of 5 wt% NiO-YSZ as a function of pH is shown in Figure 4.6
(a, b, c, d, e). It can be seen that the samples with an addition of 1 dwb% PEI were 
well dispersed (Figure 4.6 a) while the samples without PEI addition were poorly 
dispersed (Figure 4.6 b, c, d, e). In terms of treated NiO-YSZ samples, as shown in 
Figure 4.6 (a, d, e, f), the aggregation was dominant at pH10, which may be caused 
by the fact that the metal oxides are base characteristics in aqueous solution. An 
exception is the samples with an addition of 1 dwb% PEI. Additionally, in this study, 
the Lewis acid catalysis was found for the 5%-5 dwb% samples, which resulted in a 
change of the PMMA diameter. Therefore, the 5 wt% NiO-YSZ with an addition of 1 
dwb% PEI was used for further study.
4.1.3. Dispersive and specific surface energies
Figure 4.7 a shows the dispersive surface energy profiles as a function of surface 
coverage, as an indication of the van der Waals force [216, 256-258]. The large 
difference between probe molecules adsorption across the samples indicates a change 
of surface energy [259]. The dispersive surface energy of the modified PMMA is 3-
12.5% greater than that of the untreated PMMA, indicating that the modified PMMA 
particles are surface energetics which will lead to coagulation between oppositively 
charged PMMA and NiO/YSZ particles.  The specific surface energy consistently 
declined with increasing surface coverage (molecular probes injected into a packed 
column) ranging from 0.01-0.14. This finding implies that the PMMA are energetically 
heterogeneous.
In order to map the heterogeneity of the PMMA particles, the surface energy 
distributions were obtained by a point-by-point integration of the surface energy 
profiles (Section 3.3.1), resulting in the plots of the surface energy as a function of 
percentage of surface (area increment). The treated PMMA particles, in particular, 
show a considerably wider dispersive surface energy (JSD) distribution, ranging from 
36 mJ/m2 to 47 mJ/m2 compared to the untreated sample (35-43 mJ/m2) (Figure 4.7b).
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Figure 4.7. Dispersive surface energy (JSD) of treated and untreated PMMA: a) 
profiles, and b) distributions, implying the surface energetics and heterogeneity of 
treated PMMA spheres. Specific surface energy (JSAB) of treated and untreated 
PMMA: c) profiles; d) distributions, indicating the increase in specific surface 
energy of the treated PMMA
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From the results of FTIR (Figure 4.1), DSC (Figure 4.2) and XPS (Figure 4.8), it can 
be concluded that the greater surface energy was due to the presence of carboxyl acid 
groups, rather than a greater concentration of non-polar surface groups. The FTIR and 
DSC results (Figure 4.1 and Figure 4.2), revealed that carboxylic acid groups were 
grafted on the PMMA surfaces during the hydrolysis process. XPS results (Figure 4.8
a and b) show that the oxygen content is 69.05% for treated PMMA whereas it was 
only 39.26% for untreated PMMA. This also implies that the PMMA surfaces were 
terminated with carboxylic acid groups.
The specific surface energy distribution evaluates the concentration of carboxyl groups 
on the PMMA surfaces because the carboxylic acid groups (-COOH) have more 
surface energy than the replaced ester groups (-COOCH3) [260, 261].
As carboxylic acid groups were grafted on the surface of PMMA, it is not surprising 
that the specific surface energy was increased. Figure 4.7 c shows that the specific 
surface energy of treated PMMA is 25-39% higher than that of untreated PMMA 
across the entire surface coverage. The distribution of the specific surface energy 
(JSAB) of the treated PMMA ranged from 14 mJ/m2 to 19 mJ/m2, compared with 8 to 
12 mJ/m2 for the untreated PMMA (Figure 4.7 d).
4.1.4. Specific free energies of desorption and acid-base numbers
The acid-base interactions of PMMA samples and polar probe molecules, including 
ethyl acetate, acetone, ethanol, and dichloromethane, were assessed by the specific 
Gibbs free energy of desorption, ǻ*SP, which represents the acid-base interactions. 
The acid-base interactions are directly related to the electron donating–accepting 
behaviour of the PMMA. Ahfat et al. [214] demonstrated that probe molecules are 
characterised as a Lewis base (an electron donor), a Lewis acid (an electron acceptor) 
or amphoteric (both electron donor and acceptor). Therefore, the acid-base interactions 
with these molecules can assess whether the characteristic of the PMMA surfaces is 
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an electron donor, or electron acceptor, or amphoteric. This determines the 
electrostatic-interaction. 
Since ǻ*SP corresponds to the acceptor-donor interactions between the PMMA 
surfaces and polar probes (Figure 4.9 a), the dominant interactions with the 
amphoteric probes (ethanol, acetone and ethyl acetate, Table 4.1), indicate that all of 
the PMMA surfaces exhibit an amphoteric character. Indeed, as shown in Table 4.1,
the higher DN of ethanol, acetone and ethyl acetate may imply the stronger electron 
donor behavior of the PMMA surfaces.
Figure 4.8. XPS scans of treated and untreated PMMA samples for O1s, implying 
that the PMMA surfaces were terminated with carboxylic acid groups
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Table 4.1. Values of donor numbers (DN) and acceptor numbers (AN*) and Lewis 
character of four polar probes used in this study for characterization of acid-base 
interactions with IGC [262]
Probe Character AN* (kcal/mol) DN (kcal/mol)
Ethanol Amphoteric 10.3 19
Dichloromethane Acidic 3.9 0
Acetone Amphoteric 2.5 17
Ethyl Acetate Amphoteric 1.5 17.1
െοܩௌ௉ܣܰכ =
ܦܰ
ܣܰכ ܭ௔ + ܭ௕ (4.1)
The ratio of acid-base numbers (ܭ௔ ܽ݊݀ ܭ௕ ), converted by ǻ*SP according to 
equation (4.1) [263], is shown in Figure 4.9 b. This indicates that the acid-base ratios 
are higher for treated PMMA samples at all the surface coverage values, meaning that 
the surfaces of treated PMMA particles have comparatively more acid surface 
chemistries than that of the untreated PMMA samples. This may be again be attributed 
to the greater concentration of electron-accepting surface functional groups, such as 
carboxylic acid groups (Figure 4.1), which can more likely interact with amino groups 
on the surfaces of NiO-YSZ (Section 4.3.1). 
Formed porous scaffolds in NiO-YSZ/PMMA assembled by 
coagulation
The fact that the PMMA was successfully coated with NiO-YSZ nano-particles, is 
confirmed by the treated NiO-YSZ powders (Figure 4.5 a, 1 dwb%, red diamond). 
This is also confirmed by the fact that particle size of NiO-YSZ/PMMA is greater than 
that of PMMA (Figure 4.12).
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Figure 4.9. a) Specific free energy of desorption of four different polar probes with 
treated and untreated PMMA samples, implying the stronger electron donor 
behaviour of the PMMA surfaces; b) Gutmann acid and base numbers profiles,
showing that the surfaces of the treated PMMA have more acid surface chemistries 
than that of the untreated PMMA
-71-
Chapter 4 [Role of Surface Energy of PMMA Templates in Porous Scaffolds in NiO-YSZ/PMMA]
4.2.1. Surface energy effect on coagulation of NiO-YSZ/PMMA
Due to the relatively higher surface forces (dispersive and specific surface energy) of
the treated PMMA, the coagulation process occurred (Figure 4.10) between oppositely 
charged PMMA and NiO-YSZ particles. First, the treated PMMA spheres bridged 
together (Figure 4.10 a and c) in the aqueous suspension due to the higher dispersive 
surface energy such as Van de Waal forces; then positively charged NiO-YSZ was 
attracted onto the surfaces of treated PMMA due to the high specific surface energy 
(Figure 4.10 b and d). This result is in good agreement with the investigations by 
Somiya [264], Butt et al. [265], Dittmann et al. [266] and Sigmuned et al. [267]. For 
example, Butt et al. [265] and Dittmann et al. [266] claimed that the functional groups 
such as carboxylic acid groups on the PMMA surfaces are essential for the  coagulation 
process. In the review by Islam and Snowden [268], adsorption was controlled by 
strong Lewis acid-base interactions.
In summary, the coagulation process is achieved by enhancing the dispersive and 
specific surface energy, which will lead to an effective assembling of NiO-
YSZ/PMMA and accordingly a controlled initial porosity.
4.2.2. Particle size distribution of coagulated NiO-YSZ/PMMA
The particle size distribution is a valuable indicator of quality and performance of 
suspensions. For example, the size of powders affects the compaction properties. 
Figure 4.11 shows the particle size dependence on the PMMA fraction at different pH 
values. It can be seen that at each pH value, the particle size reaches the plateau at a 
PMMA fraction of 25%. At a constant PMMA fraction, the samples at pH10 gave the 
highest particle size, while the samples at pH8 gave the smallest particle size. 
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Figure 4.10. Schematic coagulation of assembling NiO-YSZ/PMMA: a) the bridging 
of negatively-charged 5 μm PMMA treated for 15 h under pH8; b) adhesion of 
positively charged NiO-YSZ on the surfaces of negatively charged PMMA
Figure 4.11. Mean particle size in volume of NiO-YSZ/PMMA with treated PMMA 
(5 μm) and NiO-YSZ at different pH and PMMA fractions (the inserted picture is 
photograph of the suspensions), indicating that the particle size of NiO-YSZ/PMMA
is related to pH and the PMMA fraction (the maximum value was reached at pH10 
and PMMA fraction of 25wt% while the minimum value was reached at pH8 and 
PMMA fraction of 35 wt%)
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Figure 4.12. Particle size distribution in mean volume at pH8 of treated PMMA (red 
up triangle), treated NiO-YSZ (black dot) and their mixture of NiO-YSZ/PMMA 
(blue square). This indicates the PMMA surfaces were successfully coated with 
NiO-YSZ nano-particles
4.2.3. Effect of coagulation duration on NiO-YSZ coating thickness 
The size distribution of treated and untreated PMMA was obtained from SEM image 
analysis (Figure 4.13). The mean diameters of treated and untreated PMMA are 
4.67 μm and 5.11 μm, respectively.
The SEM results (Figure 4.14) reveal that both the morphology and thickness of the 
NiO-YSZ coating changed with the coagulation duration. The NiO-YSZ/PMMA 
composites with treated PMMA were more uniform than for untreated PMMA. All of 
the NiO-YSZ/PMMA composites became more uniform with increasing coagulation 
time. With 5% PEI addition, the thickness of the NiO-YSZ coating on the untreated 
PMMA increased with coagulation time: 5.34 μm for 10 min, 5.9 μm for 21 h, meaning 
that the growth of the coating layer was 37.5 nm per hour. However, with 1% PEI 
addition, the coating thickness increased and then decreased with increasing 
coagulation time. The maximum coating thickness occurred at a coagulation time of 
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1 h. Within 1 h coagulation, the growth of the coating on untreated PMMA was 28.4 
nm per hour.
Considering the above results, the coagulation time of 1 h was thus utilized. This is 
also supported by several investigations in the literature [35, 36, 149, 269]. Balzer et 
al. [269] reported that Al2O3 suspension reached stability after 1 h coagulation. They 
further pointed out that 1 h is the optimum coagulation duration. In recent studies by 
Gain et al. [149], Tang et al. [35, 153] and Yoshio et al. [36], a flocculation time of 1 
h was also used..
Besides coagulation duration, the particle size is crucial to shell thickness during the 
coagulation process [148, 157]. The proper surface modification has been found to 
lead to uniform shell coating with a narrow distribution [148]. In this study, the particle 
size of PMMA and NiO-YSZ is 5 μm and 50 nm and their particle size distribution are 
related to the theoretical value critical distance (the ratio of large particle to small
particle). As Li et al [270] suggested, there is a theoretical value of critical distance, 
Xcr between small particles on the surface of CFM (core-forming material) to spread 
the small shell particles over the surface of the large core particles. Moreover, in the 
case of R=100, because it meets the requirement of critical value, NiO-YSZ sphere 
spread on the PMMA spheres. This is further evidence that the coagulation duration is 
the key to NiO-YSZ shell thickness.
Controlled initial porosity by NiO-YSZ/PMMA rearrangement
The interstices in cold-pressed NiO-YSZ/PMMA were found to be ~1.5-2 times of the 
PMMA volume fraction and 1-30% times greater than the theoretical value. It implies 
that the interstices contribute more to the initial porosity than PMMA templates. The 
initial porosity including interstices and PMMA templates is PMMA fraction 
dependent, while are pH and PMMA diameter independent.
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4.3.1. Dispersive surface energy impact on rearrangement of NiO-YSZ/PMMA 
Although electrostatic forces play an important role in coagulation, they have little 
impact on the granule strength. Van der Waals forces, however, contribute to the 
granule strength, which can be enhanced by cold pressing. Cold pressing at an 
appropriate pressure prevents the soft aggregation, a natural feature of
nano-particles [271, 272], to obtain sample homogeneity. The homogeneity of the 
green body was found to play an important role in the efficiency of TSS [50]. Pressing 
at an appropriate pressure overcomes agglomeration and hence improves pore size 
homogeneity [159]. Narrow pore size distribution has been also found necessary for 
sintering at a low temperature [273-276].
a)
b)
Figure 4.13. SEM images and size distribution of a) treated PMMA and b) untreated 
PMMA
Hot pressing is a technique that utilizes a low pressure to expedite the densification of 
nano-composites before appreciable grain growth occurs, resulting in anisotropic 
mechanical properties [277]. Further heat treatment is needed to fix this problem but 
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a)
b)
c)
d)
Figure 4.14. SEM images and particle size distribution (PSD) of the NiO-
YSZ/PMMA suspensions with treated NiO-YSZ and PMMA at pH6 for a) 1h, and b) 
6h; images and PSD with untreated NiO-YSZ and PMMA at pH6 for: c) 1h, and d) 
6h. These results show that the coating thickness is coagulation duration dependent 
and that the coating thickness occurred at a coagulation time of 1 h.
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this can lead to grain growth [277]. Compared to hot-pressing, the relatively high 
pressure has been found easier to achieve by cold-pressing [276]. Using cold-pressing 
Xia et al. [9] have fabricated a disc-shaped pellet [162-164] with a thickness from 1 
μm -1 mm thickness.
The compacting curves, packing density against applied pressure, is displayed in 
Figure 4.15 e, indicating that the relative density of composites increases with 
increasing uniaxial pressure. Once the uniaxial pressure was enough to overcome the 
soft aggregation, the increase of relative density with pressure is faster since the plastic 
deformation needs a higher pressure [278]. The uniaxial pressure of 500 MPa was 
chosen as it is slightly greater than this critical pressure, which is appropriately 350 
MPa. This pressure is slightly higher than the value investigated by Gao et al. [276].
Our previous study showed that the samples pressed at lower pressure had poor 
mechanical tensile properties, which led to premature fracture. The high pressure 
offers more energy into the NiO-YSZ/PMMA pellets and thus leads to partial 
coalescence of the particles. Deng et al. [279] reported that the agglomeration, caused 
by lower compacting pressure of fine ZrO2, resulted in a localized less-uniform 
shrinkage and therefore reduced the mechanical properties. They interpreted that there 
were more voids and small flaws at lower compacting pressure due to loose 
connectivity between particles. It is therefore necessary to compact NiO-YSZ/PMMA 
pellets at a relatively high pressure to overcome soft aggregation and narrow the pore 
size distribution.
In doing so, the NiO-YSZ/PMMA was rearranged (Figure 4.15 b). Without the 
rearrangement process by cold-pressing, there are some intra-agglomerate pores and 
interparticle (Figure 4.15 c) pores inside the samples (Figure 4.15 a). With 
rearrangement, there are inter-aggregate pores (Figure 4.15 d) inside the NiO-
YSZ/PMMA (Figure 4.15 b). It can be thus concluded that the dense NiO-
YSZ/PMMA attributes to the relatively higher compact pressure. This is confirmed by 
the compaction results (Figure 4.15 e).
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Figure 4.15. Schematic illustration of the change in the NiO-YSZ/PMMA 
assembly: a) before and b) after cold-pressing rearrangement, indicating the PMMA 
(c) agglomerated, and (d) aggregated NiO-YSZ/PMMA scaffolds [280]; Figure b) 
and d) show the rearrangement of NiO-YSZ/PMMA; e) compressing curve of NiO-
YSZ/PMMA, showing the critical uniaxial pressure [49]
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4.3.2. Interstice contribution to initial porosity in rearranged NiO-YSZ/PMMA
SEM images in Figure 4.15 b show that there are interstices inside the homogeneous 
NiO-YSZ/PMMA. The real interstices of the samples, obtained by using a gas 
Pycnometer (detailed in Chapter 3), are shown in Figure 4.16 (a, b, c). The results 
show that the initial interstices of all the samples are ~1.5-2 times the PMMA volume 
fraction. This means that the main component of the porosity in NiO-YSZ/PMMA is 
the initial interstices compared to PMMA templates. This implies that it is necessary 
to consider the interstice impact on the porosity. 
The real initial interstices are 1-30% greater than the calculated value (such as 45%) 
in the literature by Brouwer et al. [172]. Meanwhile, the densities caused by PMMA 
volume ratio decreased by around 50%. This phenomenon might be caused by 
aggregation of the NiO-YSZ and PMMA particles, which can lead to an increase in 
interstices (Figure 4.15 c). Another explanation might be the difference in coating 
thickness of NiO-YSZ which leads to the change diameter of NiO-YSZ/PMMA 
spheres. It was reported that interstices mainly depend on particle size 
distribution [4, 171, 172, 174, 175].
4.3.3. Initial porosity dependence on PMMA fraction
The initial porosities, comprising PMMA templates and the measured interstices in 
NiO-YSZ/PMMA, however were found to be very close to the theoretical interstices. 
They were normally predicted by percolation theory [4, 22-25, 143, 171, 172, 174,
175]. This case is suitable for 7 in 9 samples. For the other 2 samples, the maximum 
difference of real porosities to target ones is about ±6% of theoretical value. This may 
imply that the interstices were well controlled by particle rearrangement. Interestingly, 
the real porosities in NiO-YSZ/PMMA increased linearly with PMMA weight ratio 
from 15-35 wt% (Figure 4.16 a, b and c). 
Surprisingly, our results show that the PMMA diameter had little effect on the green 
porosity. As shown in Figure 4.16 d, the maximum difference of the green porosities 
at different PMMA diameters is approximately 7%. Particularly, for PMMA: NiO-
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YSZ of 35 wt%, the difference is around 2%. This finding differs from other similar 
investigations in the literature [4, 22-25, 143], in which the influence of particle size 
distribution on interstices was examined. This might be that the particle size ratio of 
PMMA to NiO-YSZ was approximately 100, at which the effect of particle size ratio 
can be neglected.
Figure 4.16. Initial porosity/interstices dependence on PMMA: NiO-YSZ weight 
ratio at different PMMA diameters: a) 1.5 μm, b) 3 μm, and c) 5 μm; d) real green 
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porosity as a function of PMMA diameter and PMMA: NiO-YSZ weight ratio. 
These curves indicate that the green porosity increases with PMMA fraction but 
changes slightly with PMMA diameter. Legend: red circle, real green porosity; black 
square, target green porosity; blue triangle, measured interstices; pink inverted 
triangle, PMMA volume fraction in NiO-YSZ/PMMA
Similar to the influence of PMMA diameter on initial porosity, the pH value was found 
to have little effect on initial porosity of NiO-YSZ/PMMA according to our data 
analysis (Figure 4.16 f). This might be because, at a NiO-YSZ concentration of 1 
dwb%, the particle size of NiO-YSZ/PMMA was stable when the pH value changed 
from 6-10 (Figure 4.6 f). In another words, the NiO-YSZ coating thickness or the 
diameter of NiO-YSZ/PMMA spheres did not change with pH value. 
Conclusions 
The porous scaffolds in the NiO-YSZ/PMMA matrix were obtained due to the 
enhanced surface energy of PMMA. The treated PMMA exhibits wider variation of 
the dispersive surface energy JSD distribution (36.4 to 46.7 mJ/m2) and of the specific 
surface energy JSAB (12.04-18.4 mJ/m2), compared with untreated PMMA. The zeta 
potential of treated PMMA and NiO-YSZ is 20-30% greater than the values in the 
literature. Positively charged NiO-YSZ nano-particles were thus successfully coated 
on the surface of negatively charged PMMA.
The morphologies of NiO-YSZ/PMMA have been investigated. It was found that the 
initial porosity increased consistently with the PMMA fraction and that the value of 
interstices is 0.5-1 times greater than the PMMA fraction. Furthermore, the particle 
size of NiO-YSZ/PMMA was related to pH and the PMMA fraction. For example, the 
maximum value was reached at pH10 and a PMMA fraction of 25 wt%, meanwhile 
the minimum valued was reached at pH8 and a PMMA fraction of 35 wt%. 
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The surface energy of PMMA was found to play a key role in assembling NiO-
YSZ/PMMA. The specific and dispersive surface energy contributes to electrostatic 
attraction and Van der Waals forces, respectively. Further to this, the rearrangement 
of the composites at a higher pressure offers more energy into the NiO-YSZ/PMMA 
pellets and thus leads to the partial coalescence inside the dense NiO-YSZ/PMMA.
Consequently, the bridging produced by strong surface forces can improve the neck 
formation (Chapter 5) in the initial and middle sintering stages, which may enhance 
the mechanical properties (Chapter 6). It also helps to form interconnected porous 
structures (Chapter 5).
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Chapter 5. Formation of Hierarchical Porous NiO-YSZ 
Based on Two-step Sintering 
 
 
 
After NiO-YSZ/PMMA assembling and rearrangement, maintaining the hierarchical 
porous structure at high temperature is another challenge for NiO-YSZ [75]. The 
characteristics of the hierarchical porous NiO-YSZ depends strongly on the type of 
sintering process used for their preparation [14] and accordingly on the structure of the 
materials. Using nano particles can lower the sintering temperature, reduce the 
sintering activation-energy and retain structure accordingly [103]. However, an issue 
which arises is abnormal grain growth [4].  
 
The abnormal grain growth can be avoided by two-step sintering (TSS) [43-55] while 
not much attention has been paid for the electrostatic interaction approach [35, 36, 
153]. For instance, sintering temperatures need to be determined. Due to the 
uncertainty of the sintering mechanism [201-203], pore formation, as the competing 
process of grain growth [200], is still not fully understood [204, 205], particularly in 
the electrostatic-interaction approach. 
This chapter will study the maintenance of the well-ordered hierarchical porous 
structure of NiO-YSZ using TSS. By investigating the grain growth and pore 
formation during TSS, an understanding of the formation of the hierarchical porous 
structure is proposed. First, the impact of the sintering temperature for simultaneous 
PMMA removal and TSS is determined by assessing the remaining polymer and the 
grain size distribution across the porous material. The structure of the sintered NiO-
YSZ is analysed to demonstrate the effect of TSS, focusing on the grain size and phase 
volume of tetragonal/cubic YSZ. Finally, the effect of PMMA fraction on porosity is 
discussed, followed by a conceptual model of pore formation.
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   Determination of sintering temperatures for two-step sintering 
Due to the key role of sintering temperature in densification, porosity and grain size of 
the porous structure (Section 2.4.2), the sintering temperatures were determined first: 
500ºC for removing the PMMA templates, first-step sintering temperature 
(T1=1300ºC) and second-step sintering temperature (T2=1250ºC) for maintaining the 
hierarchical porous structure. The determined TSS process was detailed in Figure 3.2.  
 
5.1.1. Isothermal sintering temperature for PMMA removal  
According to the TGA and DTG analysis (Figure 5.1), the temperature of 500ºC was 
chosen to remove the PMMA templates.  
 
Thermogravimetric analysis (TGA) curves (Figure 5.1 a) show dramatic weight loss 
of the PMMA templates from 250ºC - 480ºC. The weight loss of the samples is close 
to the original PMMA fractions: 15 wt%, 25 wt% and 35 wt%, indicating that the 
PMMA removal was completed at approximately 480ºC. The residues of the sample 
derived from 15 wt% PMMA with a diameter of 5 μm at pH6 are 87% in air and 88% 
in nitrogen, respectively.  
 
The derivative thermogravimetric analysis (DTG, derivative of the residual weight 
percentage versus temperature) peaks shown in Figure 5.1 (b, c, d), also indicates that 
the weight loss occurs between 250ºC - 500ºC. It was found that the weight loss rate 
of PMMA decreases as the sintering temperature increases from 362ºC to 393ºC. 
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Figure 5.1. TG and DTG curves of NiO-YSZ/PMMA: a) TG curves in N2, b) TG 
and DTG curves in air, (c) DTG curves of the samples with 35 wt% PMMA in N2 
and (d) DTG curves the samples with 25 wt% PMMA in N2. These curves indicate 
the sintering temperature effect on the PMMA removal. Note: the number before 
first dash represents PMMA diameter in micrometer; the number after first dash 
represents pH value; and the number after second dash represents the PMMA: NiO-
YSZ volume ratio. For instance, 5-6-1 represents the NiO-YSZ/PMMA sample 
obtained with 5 μm PMMA at pH6 and PMMA: NiO-YSZ volume ratio of 1:1 
5.1.2. First-step (exothermal/peak) sintering temperature, T1
The function of the first-step (peak/exothermal) sintering temperature is to achieve a 
certain relative density which not only assures the densification of the material at the 
lower sintering temperature [42, 189, 192] but also maintains the interconnected 
porous structure (Section 2.4.2). At 1300°C, the densification, open porosity and grain 
size of the sample met these requirements (Figure 5.3 d and Figure 5.6).
Densification 
The densification curve, the relative density as a function of the sintering temperature,
is shown in Figure 5.2. The curves show that the relative density increases slightly 
with the temperature ranging from 1050-1300°C, with an exception of a peak value at 
1100°C. This is consistent with the investigations by Maca et al. [43] and Wu et al.
[281]. An explanation for this phenomenon is that the phase transition between 
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cubic/tetragonal and metastable tetragonal phase (ݐᇱ) should occur for a ZrO2/Y2O3
system at 1100°C (Figure 5.5 c). This results in an increase in density of the ZrO2/Y2O3.
The phase transition temperature of YSZ depends on the Y2O3 ratio across the range 
of 0-30 mol%, and is similar to the study by Zhong et al. [282].
Figure 5.2. Densification curves of the NiO-YSZ after the first-step (relative density 
as a function of first-step sintering temperature), compared with the data from the 
literature (Sen et al. [283], Marinšek et al. [103], Mazaheri et al. [49])
Even though the sintering temperature of 1100°C can give a high density, it is not 
suitable to serve as the first-step sintering temperature. The relative density does not 
change much with sintering temperature ranging from 1100-1350°C. It should be noted 
that after sintering even at 1300°C for 10 min, the relative density reached up to 88%, 
which is 37.5% higher than the requirement for first sintering to ensure the 
densification at lower sintering temperatures [42, 192]. Although Maca et al. [43]
found that 1350°C can lead to further densification of YSZ, which will lead to isolated 
pores. Therefore, 1300°C was utilized as the first-step sintering temperature.
Porosity 
The cross-section morphologies of the samples sintered at temperatures between 
1050ºC and 1350ºC (Figure 5.3 and Figure 5.4) show that the pores derived from 
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PMMA templates at 1050ºC and 1100ºC are still circular. For those sintered at 1150-
1350ºC, the pores coarsened. Particularly, when the sintering temperature was 1250ºC,
isolated and large pores were formed, which is similar to the final sintering stage of 
SSS. Considering the results above, the hierarchical porous structure of NiO-YSZ was 
thus achieved at 1250ºC, 1100ºC and 1050ºC (Figure 5.3 a, b, c and Figure 5.4 b, e, f).
As shown in Figure 5.3 d, between 1150ºC and 1300ºC, the porosity remained stable 
and reached a maximum at 1100ºC. Because the higher sintering temperature benefited 
the electrical conductivity, the sintering temperature of 1300ºC was employed for the 
first-step sintering temperature.
Figure 5.3. a) The morphologies of the NiO-YSZ cross-sections at low 
magnification at different first-step sintering temperatures: a) 1250ºC, b) 1100ºC, c) 
1050ºC, and d) Open porosity as a function of sintering temperature. Experimental 
conditions are at pH8, using 5μm PMMA (35 wt%) and TSS in N2
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Figure 5.4. The morphologies of the NiO-YSZ cross-sections at high magnification 
at different first-step sintering temperatures of 1050ºC -1350ºC. Experimental 
conditions are at pH8, using 5μm PMMA (35 wt%) and TSS in N2
It should be noted that the views on the grain size impact on the porosity are 
conflicting. One finding, that the pores increased with sintering temperature and then 
remained stable, is in good agreement with the investigation by Sen et al. [283] from 
SAXS results. In contrast, another finding [284] demonstrated that the pore size 
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decreased with sintering temperature from 600-1100ºC and then remained stable from 
1150-1400ºC when using SSS and polystyrene templates. Nevertheless, as the 
competing process of pore evolution, the grain growth has a significant effect on the 
porosity [200]. To clarify the mechanism, more systematic investigation into grain 
growth may be needed. However, this is not the aim of this study. 
Figure 5.5. XRD patterns of sintered NiO-YSZ at different first-step sintering 
temperatures: a) 20-80° and b) 73-76°; c) Raman spectra of sintered NiO-YSZ at 
different first-step sintering temperatures; d) Zirconia-rich end of the ZrO2–YO1.5 
equilibrium phase diagram with superimposed T0 lines for denoting metastable 
phase hierarchy [285]; Experimental conditions are at pH10 and using 5 μm PMMA 
(35wt%)
Grain size 
Figure 5.5 b indicates that the XRD intensity of the samples increases with sintering 
temperatures from 1050ºC-1250ºC, with the exception of the samples sintered at 
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1100ºC. Except for 1100ºC, the profiles (at 2 theta = 73.7° and 75.5°, Figure 5.5b)
become sharp and narrow when the sintering temperature increases. This shows that 
the grain size (2 theta = 73.7° and 75.5°) generally grew with the sintering temperature, 
implying that larger sintering temperature may lead to more coalescence. The 
investigation by Liu et al. [204] and Lashtabeg et al. [284] supports this study, even 
when the sintering temperature is higher than 1350ºC. 
The mean grain sizes of NiO and YSZ, obtained from XRD data using Rietveld 
refinement, are shown in Figure 5.6. For the samples sintered at 1100ºC, the grain size 
reached a minimum, which can be inferred from the phase transition at 1100ºC (Figure 
5.5 c). Generally, the phase transition from the cubic to tetragonal takes place in a 
temperature range of 1050-1150ºC, depending on the YO1.5 mole ratio [286]. The mean 
grain sizes of the samples sintered at 1150-1250ºC did not change much with sintering 
temperature.
Figure 5.6. Grain size of NiO and YSZ as a function of the first-step sintering 
temperature (ranging from 1050°C-1350°C), the inserted figure is the sintering 
program used 
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The XRD peak at 2T=73.7° in Figure 5.5 b and Raman shift of 614 cm-1 in Figure 5.5c,
show that the sample sintered at 1100ºC mainly comprises of cubic YSZ [234, 285,
287]. This finding has been further confirmed by the phase diagram (Figure 5.5 d).
5.1.3. Second-step (isothermal) sintering temperature, T2
When the second-step sintering temperature was 1250°C, the relative density of NiO-
YSZ after TSS, was 92%-96% (Figure 5.7). The minimized densification can enhance 
the mechanical properties. 
This temperature of 1250°C is lower than that of SSS (e.g. 1350-1500°C for 8YSZ and 
1600-1700°C for NiO) [49, 195, 197, 198] (detailed in Section 2.4.2). Lower sintering 
temperature is beneficial to grain size and accordingly to mechanical properties. 
Compared to 1100°C, this sintering temperature also benefits the electrical 
conductivity because the electrical conductivity of the sample increases with the 
sintering temperature [14] due to the greater grain size at relatively high sintering 
temperature.
The sintering temperature of 1250°C is however higher than the values of YSZ in the 
literature [49, 283]. This implies the potential to maintain the porous structure at even 
lower sintering temperature. The lower sintering temperature can further decrease 
relative density and grain size [43-55, 288]. This could contribute to the maintenance 
of a well-ordered porous structure and thus to the mechanical properties although the 
relative density of the material may be decreased. Several researchers [288-293]
demonstrated that, the well-ordered porous structure such as honeycomb porous 
structure reached better mechanical properties although the porosity was greater. 
However, these are not the focus of the current study.
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Figure 5.7. Densification curves of the sintered NiO-YSZ after second-step 
(Relative density as a function of sintering temperature), compared with the data 
from the literature (Sen et al. [283], Marinšek et al. [103], Mazaheri et al. [49])
Suppression of abnormal grain growth by two-step sintering
The TSS efficiency, defined as the ratio of the grain sizes obtained respectively from 
SSS and TSS (DSSS: DTSS,), indicates the success in suppressing abnormal grain growth 
(AGG). AGG is defined as a phenomenon of producing very large grains at high 
sintering temperatures [294].
The values of TSS efficiency, 1-1.8 (Figure 5.8 a), are lower than the value of cubic 
ZrO2, 2 [43]. This can be attributed to the following reasons. First, the sintering process 
was processed in N2, which is beneficial for densification compared to in air as N2
would be expected to lead to a relatively clean boundary. This led to the relatively 
larger grain size for TSS in the current work. Next, the SSS process in this study did 
not aim for full densification, whereas the investigation in [43] achieved full 
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densification. Last, SSS in our study was developed to leave a porous structure so the 
grain growth of NiO-YSZ was supressed 
Figure 5.9 shows that abnormal grain growth of NiO-YSZ was mainly suppressed by 
TSS at the sintering temperatures of T1=1300ºC and T2= 1250ºC as the grain size is 
40-100 nm. The mono-modal grain size also proves the suppression of AGG because 
AGG typically results in bimodal grain sizes [295]. This is in agreement with the 
investigations by several research groups [41, 49, 174, 185, 186, 188-190]. For 
instance, Mazaheri et al. [49] reported that the grain growth of 8YSZ (24.5 nm) was 
successfully constrained (up to 295 nm, RD: 97.6%, hardness 13.51 GPa) using a TSS 
(T1=1250ºC and T2=1050ºC, RD= 92%).
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Figure 5.8. The TSS efficiency (DSSS/DTSS) illustrate the success degree of 
suppressing grain growth in current work a), compared to the values in the literature 
b) [41, 43, 48, 49, 296]. The insert diagrams in a ) are the programs of two-step 
sintering and single-step sintering
Figure 5.9. Grain size versus sintered density (% TD) of the final NiO-YSZ samples 
by two-step sintering and single-step sintering, illustrating the sintering 
mechanism/path 
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In this work, more grain junctions and grain boundary/pore junctions were formed 
after PMMA removal (Figure 5.17 and Figure 5.18). This can suppress grain-
boundary migration and accordingly hinder dynamic abnormal grain growth (DAGG) 
[41, 42, 189, 192, 297], although DAGG occurs at lower temperatures and produces 
significantly more rapid boundary migration rates than static abnormal grain growth 
(SAGG) [295]. Significant step has been made for the combined approaches of 
electrostatic interaction and TSS, that PMMA templates derived grain boundary/pore 
junctions can also suppress grain boundary immigration.
Analysis of NiO-YSZ microstructure
The XRD and Raman spectroscopy (Figure 5.10 and Figure 5.11) confirmed cubic 
and tetragonal phases of NiO-YSZ. The phase identification is important because the 
tetragonal phase (t-ZrO2) presents the highest fracture toughness [298] and that the 
cubic ZrO2 (c-ZrO2) is associated with the ionic conductivity [51, 299, 300].
Additionally, the transformation from tetragonal to cubic phase is associated with 
volume change causing cracks.
5.3.1. Tetragonal and cubic phases in YSZ
The XRD and Raman results show that tetragonal and cubic phase of YSZ coexist in 
the NiO-YSZ. Their phase volume was obtained by XRD and Raman data analysis. 
The tetragonal and cubic YSZ were characterized by the XRD results (Figure 5.10). 
7KHSHDNș ׽73.7°) shows the presence of the cubic phase [234, 285]. The 
overlapping of the tetragonal phase and cubic phases occurs three times: at (110) and 
(002) peaks (ș ׽DWDQGSHDNVș ׽50°), and at (103) and (211) 
SHDNVș ׽60°). The tetragonal phases do not normally appear separately. Raman 
spectroscopy is thus required to conduct phase analysis because of its sensitivity to the 
zirconia polymorphs [301].
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Figure 5.10. XRD patterns of the sintered NiO-YSZ at different pH, PMMA 
fraction and diameters, illustrating the presence of cubic and tetragonal ZrO2 (Note: 
the number before first dash represents PMMA diameter in micrometer; the number 
after first dash represents pH value; and the number after second dash represents the 
PMMA: NiO-YSZ volume ratio. For instance, 5-6-3 represents  the NiO-
YSZ/PMMA sample with 5 μm PMMA at pH6 and PMMA: NiO-YSZ volume ratio 
of 3:1)
The Raman spectroscopy was used to conduct phase analysis (Figure 5.10 and Figure 
5.11). The broad knees at 464 and 280 cm-1 [302] and peaks at 154 cm-1 [303, 304]
and 244 cm-1 [287, 303, 305] across the Raman data shown in Figure 5.11, are 
characteristic of the tetragonal YSZ phase. The strong, broad, and asymmetrical peak 
at 614 cm-1 indicates the existence of the cubic ZrO2 [287].
The Raman spectroscopy was used to conduct phase analysis (Figure 5.10 and Figure 
5.11). The broad knees at 464 and 280 cm-1 [302] and peaks at 154 cm-1 [303, 304]
and 244 cm-1 [287, 303, 305] across the Raman data shown in Figure 5.11, are 
characteristic of the tetragonal YSZ phase. The strong, broad, and asymmetrical peak 
at 614 cm-1 indicates the existence of the cubic ZrO2 [287].
- 97 -
Chapter 5 [Formation of Hierarchical Porous NiO-YSZ Based on Two-step Sintering]
Figure 5.11. Raman spectroscopy of the NiO-YSZ sintered by two-step sintering at: 
a) pH6, b) pH8, c) pH10; Peak intensity ratio of (614)c to (154)t at different d) pH 
and e) PMMA fraction, indicating the effects of pH and PMMA fraction on phase 
ratio of cubic to tetragonal; f) Raman spectra of NiO-YSZ obtained from using 5 
μm PMMA (35 wt%) at pH6, 8 and 10. Note: the number before the first dash 
represents PMMA diameter in μm; the number after first dash represents pH; the 
number after the second dash represents the PMMA: NiO-YSZ volume ratio. E.g. 
5-6-3 represents NiO-YSZ sample obtained from using 5 μm PMMA at pH6 and 
PMMA: NiO-YSZ volume ratio of 3:1
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5.3.2. YO1.5 mole ratio 
Figure 5.11 and Figure 5.12 reveal that the phase ratio of cubic to tetragonal (I614/I154)
and YO1.5 mole ratio were PMMA fraction dependent, implying that the phase ratio of 
cubic to tetragonal may relate to the YO1.5 mole ratio [285].
The YO1.5 molar ratio in tetragonal YSZ against pH and PMMA fraction is shown in 
Figure 5.12, which was obtained using the the methods by Zhao and Witz et al. 
consisting in Rietveld’ s refinement of the XRD patterns [234, 235]. The results 
indicate that the YO1.5 molar ratio in YSZ increases consistently with rising pH at the 
PMMA fractions of 25 wt% and 35 wt%. Meanwhile, the YO1.5 molar ratio in 
tetragonal YSZ remains constant at the PMMA fractions of 15 wt%. In the case of 
pH10 and pH8, the YO1.5 molar ratio in YSZ reaches a maximum at the PMMA 
fraction of 25 wt%; whereas in the case of pH6, it decreases with the rising PMMA 
fraction. The maximum and minimum values of the YO1.5 molar ratio in YSZ present 
at pH10 with the PMMA fraction of 25 wt% and at pH6 with 35 wt% of PMMA 
fraction, respectively.
Figure 5.12. YO1.5 mole ratio as a function of a) pH and b) the PMMA fraction 
This result is in good agreement with the Raman characterization by 
I614/I154 (Figure 5.11 d, e). The strong, broad, and asymmetrical peak at 614 cm-1
indicates the existence of the cubic ZrO2 [287]. The peak at 154 cm-1 presents the
tetragonal phase of YSZ [303, 304]. The intensity ratio of I614 to I154 indicates the phase 
ratio of cubic to tetragonal YSZ. As the YSZ phase diagram in Figure 5.5 c [21] shows, 
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greater numbers of cubic phases is formed at a higher sintering temperature, depending 
on the Y2O3 ratio. 
5.3.3. YSZ grain size 
The grain size of YSZ and NiO obtained from Rietveld refinement of the XRD results, 
are shown in Figure 5.13, indicating that the grain size was PMMA dependent. 
The NiO grain size, in most cases, is approximately 55 nm and the YSZ grain size is 
approximately 37.5-40 nm (Figure 5.13), indicating that the abnormal grain growth 
was well suppressed using TSS. This is also confirmed by the SEM results (Figure 
5.15). The more coalescence and smaller grains was mainly caused by the decrease in 
sintering temperature, which can be explained by the two complementary theories 
[276]. First, the number of contact points between particles per unit volume increased 
with the rising green density, resulting in the fast densification. Second, the pore radius 
decrease caused by higher compacting pressure, can lead to quick densification 
because the pores with tighter curvatures have a higher vacancy concentration near the 
pore surface. 
The results show that the grain size of YSZ is related to PMMA fraction. For instance, 
the grain size of YSZ reached a plateau at PMMA fraction of 25 wt%. This trend is 
similar to the relationship between the NiO-YSZ/PMMA particle size and PMMA 
fraction (Figure 4.11). It implies that the YSZ grain size may be related to the NiO-
YSZ/PMMA particle size.
Similarly, for most cases at a certain PMMA fraction, the YSZ grain size peaked at 
pH10. This is in good agreement with the relationship between NiO-YSZ/PMMA 
particle size and pH. An exception is that the YSZ grain size at a PMMA fraction of 
35 wt% peaks at pH8. This may be likely due to testing error.
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The particle size distribution of the NiO-YSZ samples at various pH, the PMMA 
fractions and PMMA diameters, is shown in Table 5.1. The correlation between 
particle size of NiO-YSZ and PMMA fraction or pH is uncertain. This is likely because 
this study utilized the particle size of NiO-YSZ rather than the particle size of NiO and 
YSZ which was found to be related to PMMA fraction [306].
Table 5.1. Particle size of the final NiO-YSZ at various pH and PMMA fractions 
obtained from the image analysis (unit: nm)
Sample 15 wt% 25 wt% 35 wt%
pH6 230.0 197.8 259.2
pH8 160.3 222.2 201.2
pH10 188.6 191.9 163.0
Figure 5.13. NiO grain size versus a) pH and b) PMMA fraction;
YSZ grain size versus c) pH and d) PMMA fraction. Both NiO and YSZ are the final 
products by two-step sintering
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Based on the investigations in this section, it can be concluded that PMMA fraction is 
crucial to the hierarchical porous structure. It would be interesting to further 
understand the role of PMMA fraction in the porous structure; for instance, PMMA 
fraction impact on the pore-wall thickness. This can lead to the further control of 
hierarchical porous structure including the porosity and mechanical properties.
Discussion on hierarchical porous structure 
Using TSS, the hierarchical porous structures were gained at the various conditions, 
such as pH, PMMA diameter and PMMA: NiO-YSZ weight ratio 
(Figure 5.15 and Figure 5.14). From the elemental mapping in Figure 5.14, it can be 
seen that the pore phase, NiO phase and YSZ phase are well dispersed and 
interconnected, although there are three strong phase separations.
Figure 5.14. EDX images of sintered NiO-YSZ using 5 μm at pH6 and PMMA: 
NiO-YSZ = 35 wt%, showing the elemental distribution across the sample 
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5.4.1. SEM image analysis
SEM images in Figure 5.15 and Figure 5.14 show that the hierarchical porous 
structure of NiO-YSZ was successfully obtained at different volume fractions of 
PMMA: NiO-YSZ (1:1, 2:1 and 3:1), pH (6, 8 and 10) and PMMA diameter (1.5 μm, 
3 μm and 5 μm). As seen across the images, cracks formed from agglomerate of NiO-
YSZ lead to the formation of larger pores. The micrographs were analyzed in the order 
of different PMMA fractions, together with the pH effect.
For the PMMA fraction of 15 wt% (Figure 5.15 D series), most large pores were 
generated due to poor interconnection of the PMMA particles (at pH6 and pH10) since 
the percolation threshold was not attained. Cracks were visible along agglomerates 
boundaries and no obvious AGG was found. 
For the PMMA fraction of 25 wt% (Figure 5.15 E series), the large pores caused by 
PMMA templates were more interconnected although partial agglomerate
phenomenon occurred. This is still limited compared to the PMMA fraction of 15 wt%. 
It can be seen that the large pores collapsed however, the NiO-YSZ grew fast towards 
large pores in the order of pH10, pH6 and pH8. 
For the PMMA fraction of 35 wt% (Figure 5.15 F series), the densification of the 
well-arranged (interconnected and ordered) porous structure is the greatest across the 
series, although it possessed the lowest NiO-YSZ fraction. Notably, the ordered pores 
did not collapse although agglomerate occurred, especially in the case of pH6. This 
implies that the PMMA fraction the porous structure is more sensitive to the porous 
structure than the pH. 
As described above, the large pores obtained from PMMA removal were retained 
when the PMMA fraction was 35 wt% (75 volume %) but collapsed when the PMMA 
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fraction were 25 wt% (67 volume %) and 15 wt% (50 volume %) (Figure 5.15). These 
findings imply that the PMMA fraction plays an important role in the properties of 
porous structures [142]. For the PMMA fractions of 15 wt% and 25 wt% to achieve 
the well-ordered porous structure, further optimizing of sintering temperatures or pore-
wall thickness may be useful.
Figure 5.15. Cross sectional SEM images of the final NiO-YSZ, showing the 
achieved hierarchical porous structures and the effect of pH and the PMMA fraction 
on the hierarchical porous structure
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5.4.2. Porosity dependence on PMMA fraction
The PMMA fraction also plays a key role in open porosity of the hierarchical porous 
structure. As shown in Figure 5.16 b, the open porosities of the sintered samples 
reached a maximum at a PMMA weight ratio of 25 wt% before declining. This is 
supported by some studies [307-309] that the open porosity increased with the PMMA 
fractions: for YSZ ranging from 10 wt% - 53.5 wt% [307, 308] and for NiO-YSZ 
ranging from 0 - 8 wt% [309].
Figure 5.16. The open porosity as a function of a) PMMA diameter, b) PMMA 
fraction, and c) pH. Each sample was tested 5 times, the obtained mean values of 
the open porosities were shown in this figure. The standard derivations of the open 
porosities were less than 6% 
Some studies [306, 309, 310] partly support our finding. An example is that the 
porosities of YSZ and NiO-YSZ increased with the PMMA fraction and then remained 
stable when a certain value of PMMA fraction was reached [306, 311]. Liu et al. [306]
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also demonstrated that the porosity of NiO-YSZ increased with the PMMA fraction 
from 10-50 vol% and then remained stable from 50 - 60 volume %. Similarly, with an 
addition of PVA binder, Panahi et al. [311] found that the porosity of Ni-YSZ 
increased with the PMMA fraction ranging from 0-30 wt% and then the porosity 
changed slightly when the PMMA fraction reached 40 wt%.
Little explanation was however reported on why porosity decreased or changed 
slightly when PMMA fraction increased. This is likely due to the lacking information 
of interstices which can have an effect on the porosity. Indeed, the interstices were 
found to contribute to porosities (e.g. large pores between aggregates and small pores 
between particles in aggregates, Figure 4.15 c, d). Further simulation work to predict
the porosity and grain size of the porous structure may be useful to explain this 
phenomenon.
Pore formation in hierarchical porous structure
5.5.1. Role of PMMA fraction in hierarchical porous structure
The results in Sections 5.4.1 and 5.4.2 show that, PMMA fraction plays an important 
role in the hierarchical porous structure: particle filling into large pores for 15wt% 
PMMA, pore collapsing for 25wt% PMMA and pore retaining for 35wt% PMMA 
(Figure 5.17). 
This finding refuted the view that, the collapse of the porous structures is attributed to 
the grain growth [312]. The study by Hung et al. [312] is based on the meso-porous 
structure of 8YSZ at 500-800°C by single-step sintering (SSS), while this study is 
based on macro- and meso- porous structure at 1250°C and the abnormal grain growth 
was suppressed by TSS (Table 5.1 and Figure 5.13). Therefore, in this study, the 
porous structure was not attributed to grain growth which is more significant at the 
final sintering stage. 
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This finding, however, confirms another view by Hung et al. [312] that, pore-wall 
thickness to the grain size was essential to the retention of pores. The relationship of 
NiO-YSZ grain size dependence on the PMMA fraction has been revealed in Section 
5.3.3 (Figure 4.11). It was concluded that the PMMA fraction could determine the 
wall thickness (Section 5.3.3). The relationship of porosity dependence on PMMA 
fraction was further revealed in Section 5.4.2. Thus, the key role of the PMMA fraction 
on the pore retention is further confirmed during the particle rearrangement.
5.5.2. Formation of hierarchical porous structure by particle rearrangement
Except for PMMA templates for macro-pores, NiO-YSZ particle rearrangement may 
be responsible for the meso-pores, since the abnormal grain growth was hindered by 
TSS. The possibility of producing the macro-pores has been suppressed using the cold-
pressing process (Figure 4.18), which is also a particle rearrangement process before 
the TSS process. Similarly, Corbin et al. [313] found that there may be a relationship 
between particle rearrangement and hierarchical porous structure even when using the 
SSS process.
During the first-step sintering, the particle rearrangement, induced by the breaking of
stress-gradient-induced necks [203, 306, 314-316], is shown in Figure 5.18. The large 
pores were formed across the materials upon PMMA removal by carbonization, which 
resulted in constrained sintering. As demonstrated by researchers [317, 318] the 
constrained sintering also can suppress grain growth somehow. Meanwhile, interstices 
may be derived from coalesce of NiO-YSZ particles [313, 318]. Consequently, the 
resulting particle rearrangement could lead to pore coarsening and repacking (Figure 
5.18 and Figure 5.4). This is the non-densifying rearrangement because AGG was 
suppressed by TSS.
This non-densifying process of particle rearrangement determines whether NiO-YSZ 
particles filled into the large pores derived from PMMA removal [306, 308],
depending on the pore-wall thickness which is determined by the PMMA fraction. The 
NiO-YSZ particle were filled into large pores for the greatest pore-wall thickness 
(15wt% PMMA), the large pores were collapsed for great pore-wall thickness (25wt% 
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PMMA) and the large pores were retained for the small pore-wall thickness (35wt% 
PMMA).
Figure 5.17. Schematic of the PMMA-fraction impact on the hierarchical porous 
structure of NiO-YSZ during the second-step sintering of Two-step sintering: a) 15 
wt%, b) 25 wt%, and c) 35 wt%, illustrating the effect of particle rearrangement on 
pore formation
The above explanation is in good agreement with the investigation by Xiong et al.
[50]. In their study, even at a high relative density of 87%, the particle rearrangement 
resulted in the pore coalescence of 3YSZ and 8YSZ with a pore growth factor of 10. 
Normally, the particle arrangement takes place at the initial and mediate sintering 
stages, with a relative density less than 85% [50, 319, 320]. As mentioned in Section 
5.1, the maximum relative density in this study is 88% after peak sintering. This means 
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that particle rearrangement is more likely to occur than in the investigation by Xiong 
et al. [50].
From examining these findings, it can be concluded that the PMMA removal 
contributes to the large pores while the interstices inside NiO-YSZ particles contribute 
to the small pores (Figure 3.1). Nevertheless, both PMMA fraction and NiO-YSZ 
particle rearrangement are related to the pore formation in the hierarchical porous 
structure of NiO-YSZ.
Figure 5.18. Schematic of the pore change during the first-step of two-step sintering, 
indicating the processes of constrained sintering and pore coarsening 
Conclusions
Using TSS, the proposed hierarchical porous structure NiO-YSZ in Chapter 4 was 
maintained at 1250ºC and a relative density of 92%. It was also confirmed that the 
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hypothesis that, based on electrostatic interaction and TSS, the PMMA templates relate
to the large pores while the NiO-YSZ size relates to the small pores.
One significant finding is that, during TSS, the sintering temperature plays a 
significant role in the hierarchical porous structure. The pore diameter generally 
increased with first-step sintering temperature. Circular pores remained at 1050°C-
1100°C and then coarsened at 1150-1350°C. When the sintering temperature was 
above 1100°C, the open porosity increased slightly with the PMMA fraction. 
Another significant finding is that, using TSS, the porous structure depended strongly 
on PMMA fraction. The ordered hierarchical porous structure was retained at PMMA 
fraction of 35 wt%, whereas the ordered hierarchical porous structures collapsed at 
PMMA fraction of 25 wt%. The grain growth was successfully retained by suppression 
of grain-boundary immigration. Particle rearrangement may result in the different 
hierarchical porous structure of NiO-YSZ, depending on the PMMA fraction. 
Based on electrostatic interaction, the hierarchical porous structure of NiO-YSZ was 
well-ordered by the developed TSS. This well-ordered porous structure may also shed 
light on improvement in mechanical properties. It is worth evaluating the mechanical 
properties of the hierarchical porous NiO-YSZ to further their application. 
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Supplementary information-porosity independence on pH and 
PMMA diameter 
It appears that, in most cases, there is no relation between the open porosity and the 
PMMA diameter, as shown in Figure 5.16 (a). This is similar to the results that the 
initial porosity is independent on the PMMA diameter (Section 4.6, Figure 4.17 f). 
Lv et al. [309] reported that, for a constant PMMA fraction, the open porosity was 
almost independent on PMMA diameter from 7-60 μm. In contrast, Liu et al. [306]
demonstrated that the pore diameter increased with the rising PMMA diameter from 
1.8 μm - 20 μm, when the PMMA addition was 52 vol %. This may be because that, 
when the PMMA diameter was approximately 100 times that of NiO-YSZ particles,
PMMA diameter has only slight effects on initial porosity and accordingly sintered 
porosity [321, 322].
Similarly, in most cases, it can be seen that there is no relation between the open 
porosity and pH, as shown in Figure 5.16 (c). To the best of our knowledge, little 
literature is reported on pH effect on the interstices/open porosity. 
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Chapter 6. Improvement in Mechanical Properties by 
Using Bimodal NiO-YSZ Nano-particles
An issue in the design of hierarchical porous NiO-YSZ structure is the necessary trade-
off between mechanical properties and porosity. In fact, most research to date in this 
area has been performed with low porosity materials to maximize the compounds’
mechanical strength. It has been shown that using micro- and/or nano-particles with a 
bimodal size distribution can improve mechanical properties of porous materials. 
However, the role of the bimodal nano-particles in improving the mechanical 
properties is yet to be fully determined.
This chapter will describe the mechanism for improving the mechanical properties of 
the hierarchical porous structure by using bimodal NiO-YSZ nano-particles. The 
mechanical properties of the hierarchical porous NiO-YSZ are discussed in light of the 
morphological characteristics of the native and final materials, including the fine-
particle fraction (FPF, the relative volume fraction of the fine particles in whole NiO-
YSZ nano-particles), and final grain size and porosity. A comparison between using 
bi- and mono- modal NiO-YSZ nano-particles is also presented and critically 
discussed.
Morphology of hierarchical porous NiO-YSZ
Under the optimized conditions based on Chapter 5, namely using 35 wt% of 5 μm 
PMMA at pH8, the hierarchical porous NiO-YSZ (final NiO-YSZ) was still remained 
when a bimodal distribution of NiO-YSZ nano-particles was used with the FPFs of 0.1, 
0.2, 0.3, 0.4 and 0.5 (Figure 6.1).
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Figure 6.1. SEM images of the hierarchical porous structures of NiO-YSZ with the 
different fine-particle fractions: a) 0, b) 0.1, c) 0.2, d) 0.3, e) 0.4, and f) 0.5; 
illustrating the retention of the hierarchical porous structure when using bimodal 
NiO-YSZ nano-particles and 35 wt% PMMA of 5 μm diameter at pH8. The scale 
bar of all the images is 1 μm
6.1.1. Particle/grain size
Using SEM image analyzing, the particle size distributions of the final NiO/YSZ were 
obtained (Figure 6.2). The results indicate that the particle size varied with the FPFs 
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of 0.1, 0.2, 0.3, 0.4 and 0.5. The coarse particles (400 nm-480 nm) of the final NiO-
YSZ occurred for the FPFs of 0, 0.2 and 0.4 (Figure 6.2 a, b) whereas not for the FPFs 
of 0.1, 0.3 and 0.5 (Figure 6.2 c, d).
Figure 6.2. Multi-modal distribution of the particle size of the final hierarchical 
porous NiO-YSZ for the fine-particle fractions of: a) and b) 0.1, 0.3 and 0.5; c) and 
d) 0, 0.2 and 0.4
For calculating the crystal size of the final NiO-YSZ, X-ray diffraction patterns were 
acquired. The crystallite size of the final NiO-YSZ was calculated from full width at 
half maximum (FWHM) using Scherrer's formula (Equation 3.2). Three commonly 
used high-intensity peaks were are 37º, 43º and 62º for NiO and 30º, 34º and 50º for 
YSZ, respectively. The obtained crystal sizes of the final NiO-YSZ are summarised in 
Table 6.1 and Figure 6.3 b.
The grain size goes through a minimum (approximately 235 nm) at 0.3 and 0.4 prior 
to increasing to 355 nm at 0.5, corresponding to the FPF (Figure 6.3 b). The minimum 
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value was achieved in a FPF of 0.3 (Figure 6.3 b and Figure 6.14). The mean particle 
size of the final NiO-YSZ from the bimodal nano-particles was up to 40% smaller than 
that of the samples obtained from mono-modal nano-particles (Table 6.1). The above 
results are similar to the particle size results.
Table 6.1. Crystal size (unit: nm) of the final NiO-YSZ at the fine-particle fractions of 
0, 0.1, 0.2, 0.3, 0.4 and 0.5, using 35 wt% of 5 μm PMMA, at pH8 
Fine-
particle 
fraction 
(-)
NiO peak position (2T) Mean
size of 
NiO
YSZ peak position (2T) Mean 
size of 
YSZ37° 43° 62° 30° 34° 50°
0.1 308.40 310.91 232.58 283.96 271.71 292.81 202.41 255.64
0.2 243.26 219.84 215.25 226.11 238.73 241.64 202.69 227.69
0.3 243.27 219.84 215.27 226.13 238.75 241.66 254.62 245.01
0.4 243.25 219.85 215.28 226.13 238.75 241.64 254.61 245.00
0.5 367.62 333.13 362.86 354.53 360.75 341.94 365.15 355.95
Figure 6.3. a) Open porosity, and b) crystal size of the final NiO-YSZ as a function 
of the fine-particle fraction. The crystal size was obtained from XRD results. The 
derivations for the porosity and crystal size were less than 0.16% and 0.30%, 
respectively
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6.1.2. Open porosity 
Similarly, as shown in Figure 6.3 a, the open porosity of the final NiO-YSZ goes 
through a minimum (approximately 48%) at 0.3 and 0.4 prior to increasing to 62% at 
0.5, corresponding to the FPF. The porosity of the hierarchical porous NiO-YSZ (final 
NiO-YSZ) was up to 23% greater than that of the samples obtained from mono-modal 
nano-particles.
As described in Section 6.1, since both grain size and porosity varied with the fine-
particle relative fraction, the influence of FPF on the mechanical property might be 
crucial [85]. This confirms the study by Krell et al. [353] where hardness was increased 
across Al2O3 porous composites from microstructure refinement. The material 
densification and formation of the finer grains with homogeneous distribution were 
used to improve mechanical properties. 
Improved mechanical properties of hierarchical porous NiO-
YSZ
Using a bimodal distribution of NiO-YSZ nano-particles, the hardness of the 
hierarchical porous NiO-YSZ increased significantly. This finding is confirmed by the 
load-displacement curves and nano-hardness statistics (Figure 6.4).
In Figure 6.4 b typical load-displacement curves were obtained on the plane section 
of the final NiO-YSZ. When using bimodal NiO-YSZ nano-particles, the penetration 
depth of the indenter decreases significantly. In particular, the minimum penetration 
occurs in the FPF of 0.3. 
Figure 6.4 a shows the hardness statistics measured on the plane section for the 
hierarchical porous NiO-YSZ, indicating that the hardness of the hierarchical porous 
NiO-YSZ was mostly improved by using a bimodal nano-particle distribution. This 
finding confirms the fact that the small grain size normally gives greater hardness. For 
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instance, the hardness of the final NiO-YSZ reached a maximum in the FPF of 0.3, 
corresponding to the smaller crystal sizes of the final NiO-YSZ with a (Figure 6.2). 
For a FPF of 0.3, the increase in nano-hardness is significant, approximately 88% 
greater than that of the samples obtained from using mono-modal NiO-YSZ nano-
particles. For a FPF of 0.4, the hardness value of the hierarchical porous NiO-YSZ 
reached a minimum, which is probably related to the low packing density based on 
previous modelling [173, 175, 323-325]. Also, the demonstration [173, 175] that, for 
0.3, the maximum density is achieved and thus the mechanical property maximized, 
supports this study.
Figure 6.4. The mechanical properties of the final hierarchical porous NiO-YSZ 
using the starting NiO-YSZ nano-particles with a bi-modal distribution: a) hardness 
statistics, b) load/unload curve. These curves indicate the mechanical properties of the 
hierarchical porous NiO-YSZ were improved by using bimodal distribution of nano-
particles. The samples were obtained from 35 wt% PMMA with a diameter of 5μm at pH8
This bimodal strengthening, concurs with some investigations [59, 67, 85, 326, 327].
Other work [59, 67, 85, 326, 327] has also demonstrated that the bimodal distribution 
of particles has an effect on the hardness as the optimized granulations in green 
composites, corresponding to the higher packing densities, generally resulted in the 
improved mechanical properties from better grain coalescence and interface formation 
(Figure 6.5). 
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Since the contact area between the tip and sample was 10-100 μm2 which covered 30-
100 grains (20-800 nm), the nano-hardness did not match well with the particle size 
distribution of the final NiO-YSZ. The micro-level mechanical properties (e.g. AFM 
technique) may further confirm the nano-hardness and consequently achieve a better 
understanding of the bimodal role on the mechanical properties.  
 
In addition, the FPF also affects the surface roughness and accordingly the mechanical 
properties of the steel parts [326]. In other words, the surface roughness of the 
hierarchical porous NiO-YSZ would also relate to the FPF. 
 
The exponential relationship fits with the experimental data (Figure 6.7 c), which 
agrees well with the exponential correlation (1) in Table 6.2 and disagrees with the 
investigations [58-60, 64, 65, 341-343]. Most of these investigations used samples 
with porosity lower than 45% and demonstrated that the effective Young’s modulus 
of NiO-YSZ decreased linearly with the porosities ranging from 1.5% - 21% [58]. The 
porosities of the samples in this study ranged from 48-62% which leads to the negative 
Young’s modulus if linear and non-linear correlations are used. Therefore, the linear 
and non-linear correlations are not suitable. However, the exponential trend fits well 
with the experimental data (Adj. R-Squre, -1.118, Std derivation, 6.5%). 
 
Nevertheless, using finer nano-particles can significantly improve the mechanical 
properties of the hierarchical porous NiO-YSZ. Specifically, when the final NiO-YSZ 
is distributed as a multi-modal grain size, the increase in hardness by homogeneity is 
significant.  
 
   Processing contribution to mechanical properties 
The improvement in mechanical property might relate to the developed process 
inclusive of electrostatic interaction and TSS. This is also confirmed by the mechanical 
properties of the sintered NiO-YSZ using mono-modal NiO-YSZ particles. 
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Figure 6.5. Schematic of the packing density in the NiO-YSZ/PMMA 
 
6.3.1.   Electrostatic interactions  
Electrostatic interactions improved the homogeneity of the powder mixing and may 
consequently the mechanical property by favouring the formation of complex particles 
agglomerates [338, 344, 345]. Another possible explanation is that the enhanced 
mechanical properties may ascribe to the controlled stress/crack propagation [335], 
although the relationship between sintering necking and mechanical behaviour 
remains unclear (Section 2.3.2) [114]. 
Coagulation of NiO-YSZ/PMMA (Section 4.3) may contribute to the mechanical 
properties of porous NiO-YSZ since it may provide suitable binding between 
oppositively charge NiO-YSZ and PMMA particle, compared to using approaches of 
binder and flocus, which will lead to flocculation. Following Section 2.2.4, this 
suitable electrostatic bonding provides more driving force for neck growth, 
which can strengthen the porous ceramic [346]. This confirms the study by 
Nanjangud et al.[347], Kocjan and Shen [139] that, in the initial stages of sintering, 
the growth of inter-particle contacts leads to more interface energy/stress gradient 
[333] and consequently to increase strength and elastic modulus.  
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The homogeneity of NiO-YSZ/PMMA was thus increased (Section 4.2) because of 
coagulation and particle rearrangement (Section 4.3) [338]. This explanation is 
supported by the simulation results [4, 22-25, 143, 348], in which the homogeneity of 
green body benefited to the formation of nano-crystalline phases during sintering 
[338]. Conversely, the inhomogeneity of green bodies can result in aggregation [156, 
279, 349, 350] and accordingly reduce the mechanical properties of the nano-
composites. Therefore, it can be concluded that NiO-YSZ/PMMA coagulation and 
rearrangement prevented particle aggregation and consequently improved the 
mechanical properties of the hierarchical porous NiO-YSZ. 
 
6.3.2.   Two-step sintering 
Two-step sintering (TSS) was employed to achieve a nano-crystalline, well-ordered 
hierarchical porous structure to enhance the mechanical properties (Section 5.3) by 
hindering abnormal grain growth. This finding confirms the previous works [332-335]. 
For example, it was demonstrated [333] [334] that, nano-crystalline reinforcement 
enhanced mechanical properties of the nanostructured coating. An inverse 
demonstration [279] is that, agglomeration of ZrO2 decreased the mechanical 
properties of porous ZrO2 since aggregation produced greater inhomogeneous pores.  
 
The correlation between the sintering neck size and the material mechanical behaviour 
still need to be further implemented. Further research in this field would be useful in 
the future to design hierarchical porous structures, which may be used in areas such as 
energy storage, gas separation and catalysts.  
 
 
The contribution of the fabrication process to the mechanical properties of the 
hierarchical porous NiO-YSZ was also confirmed by using mono-modal NiO-YSZ nano-
particles. The load curve of nano-indentation, nano-hardness and Weibull plots of the 
NiO-YSZ nano-hardness are shown in Figure 6.6. The hardness value of 
approximately 1 GPa in our study is lower than the values in the literature [244, 354]. 
For example, the hardness of NiO/8YSZ with porosity of 0-38%, was 3 - 8.5 GPa [354].
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This low value is probably due to the high porosities of 50-62% of our series of 
samples. In our study, however, with a high porosity of 62%, the hardness of NiO-
YSZ produced by TSS was improved by 15% compared to the sample produced by SSS. 
 
 
Figure 6.6. The mechanical properties of the final NiO-YSZ using a mono-modal 
distribution of the starting NiO-YSZ nano-particles: a) Load-depth plot, b) typical 
probability distribution of hardness and c) Weibull plot for nano-hardness. The 
sample were obtained from 35 wt% PMMA with a diameter of 5μm at pH10 
 
In other words, even using starting NiO-YSZ nano-particles with a mono-modal 
distribution, the mechanical properties of final NiO-YSZ were also improved by this 
developed process including electrostatic interaction for NiO-YSZ/PMMA assembly 
and TSS for suppression of abnormal grain growth. 
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The role of structural parameters in nano-hardness variations
The improvement in hardness by a bi-modal distribution of nano-particles might relate 
to the microstructural parameters including the grain size, porosity of the final NiO-
YSZ and size distribution of NiO-YSZ/PMMA. This view is in agreement with the 
previous studies [328-331].
6.4.1. Grain size 
Figure 6.7. Nano-hardness for the fine-particle fractions of : a) 0.1, 0.3 and 0.5, b) 
0, 0.2 and 0.4; and c) Young’s modulus as a function of porosity
Figure 6.7 (a and b) also implies that the finer grain size can increase nano-hardness. 
An example in this study is that, for the FPF of 0.3, hardness reached a maximum due 
to the smallest particle size distributions (Figure 6.3 b and Figure 6.13). However, as 
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discussed in Section 6.2, although the particle size of the sample reached the similar 
value for the FPF of 0.4 at which the hardness reached a minimum. The difference 
between the two samples is the finer NiO-YSZ crystal size distribution for the latter, 
which could improve the mechanical property of the hierarchical porous NiO-YSZ.
The hardness dependence on the grain size is in good agreement with previous studies 
[326, 332-336]. For example, Basu et al [337] demonstrated the hardness as a function 
of average grain size. The significant hardening occurred below 100 nm prior to 
peaking at 300 nm. A recent study [160] summarized the effect of the average grain 
size on the Vickers hardness, demonstrating that hardness increased significantly with 
the grain sizes between 50 and 100 nm, but plateaued between 100 and 200 nm. 
Nevertheless, the addition of fine particles also led to improved hardness, as discussed 
in Section 6.2.2. The addition of the fine NiO-YSZ nano-particles and using TSS gave 
greater possibility to produce nano-structured materials because the lower sintering 
temperature may hinder grain growth and densification (detailed in Section 6.4.2).
As described in the references [139, 338], increasing FPF while avoiding aggregation 
thus seems to be the strategy to improve the mechanical property of the hierarchical 
porous NiO-YSZ. One example is that the mechanical properties of the porous 
structure were increased by decreasing densification for porous structures [139],
caused by the decrease in grain growth. Another view is that the mechanical properties 
can be reduced by fracture caused by defects such as micro-cracks or large pores, 
which may relate to aggregation [338].
6.4.2. NiO-YSZ/PMMA size 
To examine whether NiO-YSZ/PMMA aggregation occurs, dynamic light scattering 
(DLS) was used to measure the particle size distribution of NiO-YSZ/PMMA (Section 
6.5, Figure 6.13 ). 
For the FPF of 0.4, the measured bimodal particle sizes are 5039 nm and 367.1 nm in 
NiO-YSZ/PMMA due to aggregation (Figure 6.13 b). This size distribution differs 
from the proposed tri-modal size distribution in NiO-YSZ/PMMA (Figure 2.6). These 
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conditions led to the maximum packing density (60-80%) in NiO-YSZ/PMMA and 
consequently the minimum open porosity of final NiO-YSZ [173-175, 325]. Similarly, 
in the case of the 0.2 FPF, the measured bimodal sizes are 5380 nm 465.6 nm. In such 
conditions, the predicted packing density is lower than that with a FPF of 0.4 [174, 
325]. Therefore, the open porosity at 0.4 is lower than that at 0.2, corresponding to the 
FPF. The above findings are also in agreement with the empirical evidence that the 
packing density reaches a maximum at FPFs ranging from 0.2-0.4 [85], depending on 
the size ratio of the fine particle to coarse particles.  
 
Table 6.2. Linear, exponential and non-linear correlations for Young's modulus as a 
function of the porosity for NiO-YSZ [339, 340]  
Type of 
correlations Correlation for E Parameter b E0 Refs  
 
Linear ܧ = ܧ଴ (1െ ܾߩ) 2.10 205.46 [339]
Exponential 1 ܧ = ܧ଴ ݁ݔ݌ (െܾߩ) 2.48 207.13 [339]
Exponential 2 ܧ = ܧ଴ (1െ 1.͵͹ʹɏ)ଵ.଼ଽ଻ 207.20 [340]
1 െ ܾߩ
Non-linear ܧ = ܧ଴ 2.55 207.22 [339]1 + (ܾ െ 1)ߩ
ܧ଴ is the elastic moduli of the  dense material, and ɏ is the porosity of the porous 
material. 
 
Figure 6.13 b also show that the proposed tri-modal packing of NiO-YSZ/PMMA was 
only achieved for the FPFs of 0.1, 0.3 and 0.5, implying the non-aggregation or slight 
aggregation (Figure 6.8 a, b). Although the close packing density predicted has not 
been reported in the literature, the NiO-YSZ/PMMA with the FPF of 0.3 can be 
considered as having a FPF of 0.3 in combination with finer particles [171, 351, 352]. 
Correspondingly, the porosity of the final NiO-YSZ is lower according to the packing 
density equation [174].  
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Figure 6.8. Schematic of the tri-modal and bi-modal mixture in NiO-YSZ/PMMA, 
indicating the effect of the fine-particle fraction on the particle size distribution 
and/or aggregation in NiO-YSZ/PMMA. a) tri-modal distribution without 
aggregation, b) tri-modal distribution with aggregation, c) bi-modal distribution 
without aggregation, d) bi-modal distribution with aggregation. The green sphere 
represents PMMA, the dark sphere represents NiO-YSZ nano-particles, the black 
sphere represents aggregates of NiO-YSZ nano-particles
Conclusions
Using bimodal NiO-YSZ nano-particles with the FPFs ranging from 0.1-0.5, the 
mechanical properties of the hierarchical porous NiO-YSZ were increased by 20-88% 
even with a relatively high porosity between 50 and 62%. 
The structural parameters affecting mechanical properties were studied. The nano-
hardness of the NiO-YSZ samples peaked at the FPF of 0.3 due to the maximum 
packing density in NiO-YSZ/PMMA, smallest grain size and lowest porosity of the 
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final porous NiO/YSZ. These parameters were found to vary with the FPF. Thus, the
key role of the FPF in the mechanical properties of the hierarchical porous structure 
was confirmed. Additionally, the exponential relationship between the porosity and 
Young’s modulus was identified.
The above achievements of bimodal strengthening are based on the developed process 
including electrostatic-interaction and TSS. Coagulation and particle rearrangement 
decreased aggregation and consequently hindered grain growth. TSS suppressed 
abnormal grain growth by hindering grain-boundary immigration and increasing
pore/grain junctions. Since the coagulation process could also strengthen the sintering 
neck, the investigation into the necking size on the mechanical properties would be of 
help to further strengthen the hierarchical porous structure.
The hierarchical porous structure will give more access for mass transport and thus 
decrease the concentration resistance of the electrochemical reaction if it is used for 
an anode in fuel cells. An improved power density can also be expected. The 
mechanical property of the hierarchical porous structure can also be improved by 
bimodal size distribution of the final NiO-YSZ. The significant improvement in 
mechanical properties will widen the application of the hierarchical porous structure.
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   Supplementary information-preparation of fine NiO-YSZ 
nano-particles and hierarchical porous structure 
6.6.1.   Materials and experimental procedure 
Figure 6.9 shows the synthesizing process of fine NiO-YSZ nano-particles. The 
yttrium nitrate (0.512 g), zirconium nitrate (3.3 g) and nickel nitrate (6.386 g) were 
added into a deionized water (90 mL) at the temperature of 60°C. The pH of the 
resulting solution is 0.81. The obtained aqueous solution was adjusted to pH3.0 with 
ammonia solution (0.1M). After that, the solid carbon (1.747 g) was put into the nitrate 
aqueous solution at 95°C for 1 h and then dried in an oven at 95°C overnight. The 
obtained sample was named as the precursor. 
 
The precursor was calcinated at 500°C for 10 h and then 600°C for 2 h in a furnace 
(GSL 1100, MTI Corporation). The heating rate was 10°C/min. The samples were 
cooled naturally in the furnace. The nano-particle of NiO: 8YSZ (60:40 wt%) was 
finally obtained.   
 
 
 
Figure 6.9.Schematic procedure for the preparation of the starting NiO-YSZ fine 
nano-particles 
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6.6.2. Fine particle size of NiO-YSZ
The SEM images in the Figure 6.10 and Figure 6.11 indicate that the fine nano-
particles of NiO-YSZ were obtained using the modified sintering process. These 
resulting particles are 35-42 nm with a mono-modal distribution of particles.
Figure 6.10. Morphologies of the as-prepared starting NiO-YSZ nano-particles at 
a: a) low magnification, and b) high magnification
Figure 6.11. Particle size distribution of the starting NiO-YSZ nano-particles with 
a fine-particle fraction of 0.4 at: a) pH8 and b) pH11.5
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Figure 6.12. Specific surface area of the starting NiO-YSZ as a function of the NiO 
content, showing the specific surface area of the particles reaches a maximum with 
a NiO: YSZ = 60: 40 wt% 
 
6.6.3. Specific surface area of fine NiO-YSZ
The specific surface area of resulting NiO-YSZ (NiO: YSZ = 60: 40 wt%) is  
51.62 m2/g, which presents the largest among the samples obtained from different  
weigh ratio of NiO to YSZ (Figure 6.12).  
 
6.6.4.   Particle size of NiO-YSZ/PMMA  
The particle size distributions of the NiO-YSZ/PMMA samples at pH8 with different 
fine particle fractions are shown in Figure 6.13 (a, b). The higher mean volume is for 
0.4, followed by 0.1, by 0.5 and by 0.3, with the FPF in volume (Figure 6.13 a). The 
bimodal distribution of NiO-YSZ/PMMA was achieved at the fine particle fractions 
in volume of 0.2 and 0.4, whereas the tri-modal distribution of NiO-YSZ/PMMA was 
achieved at the fine particle fractions in volume of 0.1, 0.3 and 0.5 (Figure 6.13 b). 
 
As shown in Figure 6.13, it can be seen that, at a fine-particle ratio of 0.3, the particle 
size distribution is similar to the sample without fine-particles. This means the 
particle size reached a minimum at a fine-particle ratio of 0.3.
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Figure 6.13. a) Particle size distribution of the green NiO-YSZ/PMMA by volume, 
and b) the mean sizes of intensity, volume, number and Z-average at pH8 with the 
fine-particle fractions of 0.1, 0.2, 0.3, 0.4, 0.5
Figure 6.14. Morphologies of the final NiO-YSZ obtained from the starting NiO-
YSZ nano-particles with a bi-modal distribution at: a) pH10, and b) pH8. These 
SEM images indicate that the hierarchical porous structure was retained at pH8,
but not at pH10. All the samples were obtained using 35 wt% of 5 μm diameter 
PMMA templates and with a fine-particle fraction of 0.4
6.6.5. pH effect on the porous structure
As shown in Figure 6.14 a and b, the hierarchical porous structure of the NiO-YSZ 
frameworks was not maintained at pH10 after TSS although the greater densification
can improve the mechanical property. This higher density is consistent with the SEM 
images presented as Figure 5.15, in which the hierarchical porous structure of NiO-
YSZ collapsed and became dense at pH10. However, the hierarchical porous structure 
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of NiO-YSZ remained present for solutions at pH8 with the FPFs of 0.1, 0.2, 0.3, 0.4 
and 0.5 (Figure 6.14 b and Figure 6.1).
Although, the pH value appeared to have no impact on the final porosity (as discussed 
in Chapters 4 and 5), it would be useful to predict the final morphology by exploring 
pH impact on the densification of the hierarchical porous structure. This is because the 
pH value could affect the surface charge of the PMMA and NiO-YSZ particles and 
accordingly affect their electrostatic interaction. Also, there could be a possibility to 
decrease densification and further lower the sintering temperature to maintain the 
hierarchical porous structure at pH10.
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Chapter 7. Conclusions and Future Research Directions
This thesis focused on a process that produces an hierarchical porous structure with 
improved mechanical properties. An hierarchical porous structure of NiO-YSZ was 
successfully fabricated and its mechanical properties were further improved. 
The main contributions of this study are the developments of the procedures of: 
assembly of porous scaffolds by electrostatic interaction; maintaining hierarchical 
porous structure by two-step sintering (TSS); and further improving mechanical 
properties using bimodal nano-particles. Extensive characterizations were carried out 
on both the hierarchical porous structure and its mechanical properties, with a 
particular focus on those with high porosities and at high sintering temperatures.
Conclusions 
7.1.1. Significance 
This is comprised of three main aspects:
1. The demonstration that engineering the electrostatic-interaction procedure 
allows production of hierarchical porous scaffolds with a predicted initial 
porosity, starting from modified nanoparticles and PMMA templates. 
2. The demonstration that engineering the TSS procedure allows the retention of 
the hierarchical porous structure with improved mechanical properties. 
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3. The demonstration that engineering the method of using bimodal nano-
particles allows the production of the hierarchical porous structure with 
significantly improved mechanical properties while retaining the well-ordered 
structure.
7.1.2. Major contributions
Porous scaffolds were successfully achieved by using an electrostatic-interaction 
approach. The surface energy of PMMA was characterized for the first time using an 
inverse gas chromatography-surface energy analyser (IGC-SEA) and the key role of 
PMMA surface energy in assembling NiO-YSZ/PMMA was then identified. The main 
contribution was the achieved initial porosity control by the PMMA fraction.
1. The surface energy of PMMA templates was significantly enhanced by 
hydrolysis of the PMMA. The enhanced dispersive and specific surface 
energies of the treated PMMA were up to 12.5% and 29.0% greater, 
respectively, than those of the untreated PMMA. 
2. The porous scaffolds formed in NiO-YSZ/PMMA include the PMMA 
templates and interstices inside NiO-YSZ/PMMA composites. The enhanced 
surface energy of PMMA resulted in coagulation and the rearrangement or 
coalescence of NiO-YSZ/PMMA. 
3. Particle rearrangement prevents the soft aggregation, which decreased the 
intra-agglomerate pores. This leads to the empirical conditions being similar to 
those assumed in the theoretical calculation. The initial porosity, determined 
by the PMMA fraction (PMMA: NiO-YSZ volume ratio), was thus controlled. 
A well-ordered hierarchical porous structure of NiO-YSZ was successfully produced 
for the first time by combining electrostatic interaction and TSS. After the hierarchical 
porous structure was characterized and analysed, the key role of the PMMA fraction 
on the hierarchical porous structure was further identified. Significant progress has 
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been made in understanding pore formation to maintain the hierarchical porous 
structure at high sintering temperatures.
1. The conditions determined for TSS (T1=1300°C, T2=1250°C for 2 h) suppress 
abnormal grain growth. At such sintering temperatures, the relative densities 
were 92-96%. This gives a greater ability to maintain the porous structure due 
to the relatively lower densification, compared to SSS with a higher sintering 
temperature.
2. The influence of PMMA: NiO-YSZ weight/volume ratio on porosity is 
significant. The ordered hierarchical porous structure was retained at PMMA 
fraction of 35 wt%, whereas the ordered hierarchical porous structures 
collapsed at PMMA fraction of 25 wt%. This phenomena may be related to the 
particle rearrangement and the breaking of stress-gradient-induced necks.
3. The fundamental kinetics for the suppression of abnormal grain growth is that, 
at the final sintering stage, the protection of grain-boundary immigration was 
achieved while maintaining the grain-boundary diffusion. Nevertheless, the 
grain boundary/pore junctions may be attributed to the pore-pin effect and 
constrained sintering. The hierarchical porous structure at high sintering 
temperature were thus maintained.
The mechanical properties of the hierarchical porous structure were further improved 
by using bimodal NiO-YSZ nano-particles, except for the developed process 
comprising of electrostatic interaction and TSS. Following the characterization and 
analysis of mechanical properties, the key role of the fine-particle fraction (FPF) of 
bimodal nano-particles on the mechanical properties of NiO-YSZ was recognized for 
the first time, followed by the processing impact on the mechanical properties. Another 
significant contribution is the confirmation of the structural effect on the mechanical 
properties.
1. The influence of fine-particle fraction on the mechanical properties is 
significant. With 30% addition of fine particles (30 nm), its hardness is up to 
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88% greater than that of the sample obtained from mono-modal particles (50 
nm), even at a high porosity. 
2. TSS suppressed abnormal grain growth, the nano-crystalline thus enhanced the 
mechanical properties of the hierarchical porous NiO-YSZ. The sintering neck 
was formed by coalescence favored by the electrostatic interactions between 
the particles. This also can enhance mechanical properties of the hierarchical 
porous structure.
3. The nano-crystal, bimodal particle size distribution and porosity are the 
structural parameters of the hierarchical porous NiO-YSZ. After evaluating 
their effect on the mechanical properties, the structural effect on the mechanical 
properties was confirmed.
A significant implication is that the developed process can give more flexibility in 
controlling the porous structure by tailoring each procedure. In addition, this 
symmetrically processing study may open a new way to develop hierarchical porous 
structures, even for different materials. These hierarchical porous structures have 
potential in research areas such as gas separation, chemical catalysts, solar cells and 
fuel cells.
7.1.3. Applications 
A key application is to connect hierarchical porous structure to its mechanical 
properties at the macro-level. Although the current samples are not large enough to 
test other mechanical properties at the macro-level, for example dynamic mechanical 
analysis (DMA). However, this thesis provided important information regarding the 
effect of the well-ordered hierarchical porous structure on its mechanical properties. 
This may be a new way to improve mechanical properties of hierarchical porous 
structures while maintaining their high porosity. 
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Another important application of the hierarchical porous structure is to connect such a 
structure to electrochemical performance. Although a comprehensive analysis of the 
microstructure-performance correlation is beyond the scope of this study, this thesis 
demonstrated the unique features of the hierarchical porous structure of NiO-YSZ, 
which will meet conflicting requirements of catalysis and mass diffusion. 
Specifically, this will improve the mass diffusion of the fuels and accordingly enhance 
power density of fuel cells.
 
   Future research directions  
For processing of hierarchical porous structures, in gas separation, chemical catalysts, 
solar cells and fuel cells, it is recommended that further research needs to be 
undertaken in the following areas: 
1. This thesis revealed the key role of coagulation impact on the coating thickness. 
In the future the PMMA fraction effect on the NiO-YSZ coating/wall thickness 
will be helpful to understand the process of pore formation towards a finer 
control of pore size and porosity. 
 
2. This thesis has developed a hierarchical porous structure of NiO-YSZ. 
However, macro- and meso-porosity need to be identified, respectively, to 
determine the critical ratio of meso to macro pores, at which optimum 
mechanical properties can be achieved.  
 
3. The NiO-YSZ samples prepared here were not large enough to test other 
mechanical properties, such as fracture strength or toughness. However, using 
dynamic mechanical analysis (DMA) available, it would be useful for the 
fracture strength/toughness dependence on particle dispersion to be further 
evaluated.  
 
4. The combined method of electrostatic interaction and bimodal nano-particles 
was found to toughen the porous ceramic matrix. As such, this study provides 
additional insights into the traditional issue of ceramic materials toughening, a 
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critical issue in the preparation of support materials in gas separation but also 
for the design of nano-porous heat exchangers or insulators.  
 
5. The thesis tested the nano-hardness of the NiO-YSZ samples using the Oliver 
Pharr method at room temperature. The data was based on 50-200 points for 
each sample. However, the measurements of nano-hardness did not consider 
the surface roughness of the samples which could cause more derivation. The 
surface roughness effect on mechanical properties need to be considered to 
enhance the accuracy.  
 
The structural effect on the mechanical properties of porous NiO-YSZ was confirmed. 
To continue the research on hierarchical porous structure based on electrostatic 
interaction and TSS, the following future directions are suggested: 
 
1. To calculate the coating thickness of NiO-YSZ on the PMMA particles, more 
work on the surface energy of NiO-YSZ nano-particles may lead to the 
possibility of studying the coagulation impact on the mechanical properties of 
porous structures.  
 
2. To further understand the impact of the bimodal distribution of nano-particles 
on mechanical properties of the hierarchical porous structure, simulation work 
based on percolation theory would be useful to predict the porosity, particle 
size distribution and the degree of densification. 
 
3. To enhance the mechanical properties of NiO-YSZ, it is necessary to maintain 
the well-ordered pore structures, particularly in 15 wt% and 25 wt% PMMA. 
This may be achieved by optimizing the sintering temperatures according to 
the fraction of NiO-YSZ nano-particles and the PMMA diameter. 
To control the NiO-YSZ coating/wall thickness, all of the procedures outlined above 
should be combined in order to maintain the well-ordered pore structures. 
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To confirm the benefit of the hierarchical porous structure to catalyst and diffusion, 
extensive characterization on electrochemical performance will be needed. This 
hierarchical porous structure can decrease the concentration resistance and enhance 
the power density of fuel cells.
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